
ACETALDEHYDE ADSORPTION ON ACTIVATED 
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The isosteric heat of adsorption Qst at zero surface coverage can 
be found from the measurements of VN at various temperatures using 
the expression  
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The standard enthalpy of adsorption, ∆Ho=-Qst. 
To evaluate amount adsorbed at saturation conditions a beaker 

with 10 mL of acetaldehyde was placed in a dessicator along with 
several 10 mL weighting dishes containing 1g of powdered carbon 
samples. The samples were kept in the atmosphere saturated with 
acetaldehyde vapors for 13 days (vapor pressure of acetaldehyde at 
293 K is equal to 760 torr).  

 
Introduction 

One of the applications of activated carbons in purification 
processes is removal of odoriferous substances from air [1]. 
Nowadays each car contains at least one activated carbon filter to 
adsorb such environmental dangerous species as gasoline vapors. 
Moreover, filters installed in clean rooms contain activated carbon 
adsorbents to remove odors. The odor causing compounds may be 
removed by several mechanisms. For example, the odor causing 
substance can chemically react with the surface and form a non 
odoriferous and /or non volatile compound or be sorbed. For a 
sorbent to be effective for deodorizing, especially for compounds 
with very low olfactory thresholds, it is essential to be capable of 
removing, in its environment, virtually all the odoriferous 
compounds regardless of the concentration of the compound. Thus, 
the sorbent must be able to sorb an odoriferous compound when it is 
present in even trace amounts. It also must be able to retain the 
sorbed odoriferous compound at even close to saturation conditions.  

Nitrogen adsorption isotherms were measured using an ASAP 
2010 analyzer  at -193 oC. Before the experiment the samples were 
degassed at 120 oC to constant pressure of 10-5 torr. The isotherms 
were used to calculate the specific surface area, SN2; micropore 
volume, Vmic, total pore volume, Vt, and pore size distributions 
(PSDs).  
 To evaluate the surface pH a 0.4 g sample of dry adsorbent was 
added to 20 mL of deionized water and the suspension stirred 
overnight to reach equilibrium. The sample was filtered and the pH 
of solution was measured using an Accumet Basic pH meter. 

Thermal analysis was carried out using TA Instruments Thermal 
Analyzer. The heating rate was 10 deg/min in a nitrogen atmosphere 
at 100 mL/min flow rate. Adsorption of formaldehyde on activated carbons was studied 

by of Domingo-Garcia et al. [2]. They found that formaldehyde is 
strongly adsorbed with isosteric heat between 15-33 kJ/mol. The 
retention volumes obtained in that study increased with an increase in 
the surface areas of activated carbons. 

 
Results and Discussion 

At infinite dilution small molecules will adsorb in the smallest 
pores of activated carbons. The values of the surface areas and pore 
volumes calculated from the nitrogen adsorption isotherms using 
DFT [3] are collected in Table 1. It is clearly seen that BAX has the 
higher surface area due to the largest pore volume. In the case of 
PBL these parameters are the smallest. After oxidation the volumes 
of pores for BAX and MVP carbons decreased. This decrease is the 
most pronounced for the BAX-O sample. In the case of this carbon 
the total pore volume decreased almost threefold. In the case of BPL 
the structural parameters are not altered significantly. 

The objective of this study is to evaluate which features of 
activated carbon surfaces are important for adsorption of 
acetaldehyde. The evaluation is based on the values of isosteric heats 
of adsorption, which reflect the strength of molecule interaction with 
activated carbon surface. Since the experiments are done at infinite 
dilution the results are helpful to assess the performance of 
adsorbents when only traces of molecules to be removed are present 
in air. Another quantity analyzed is amount adsorbed at saturation 
conditions. 

 
Table 1.  Structural Parameters calculated from nitrogen 

adsorption isotherms using DFT  
Experimental Sample SDFT 

[m2/g] 
Vt(DFT) 
[cm3/g] 

V<20Å 
[cm3/g] 

SBET 
[m2/g] 

BAX 1370 1.339 0.528 2266 
BAX-O 873 0.521 0.362 1105 

BPL 764 0.376 0.319 901 
BPL-O 810 0.404 0.337 938 
MVP 838 0.483 0.355 1061 

MVP-O 723 0.365 0.300 813 

Materials. Three activated carbons were chosen for this study. 
They are as follows: BPL (Calgon, bituminous coal origin), MVP 
(Norit, bituminous coal origin), and BAX  (Westvaco-wood origin, 
chemical activation with phosphoric acid), Before experiments, the 
initial carbons were washed in a Soxhlet apparatus to remove water-
soluble species. The samples were oxidized with nitric acid (10 
grams of the initial sample were oxidized with 100 ml of 15 N HNO3 
for 24 hours). Then washing in a Soxhlet apparatus was done to 
remove excess oxidizing agent and water-soluble compounds. After 
this process the samples are referred to as BPL-O, MVP-O and BAX-
O. For comparison carbon black, carbopack, supplied by Suppelco 
was also used as an adsorbent of acetaldehyde. 

 

Based on the analysis of PSDs, the BPL sample is the 
microporous one whereas BAX has a significant contribution of 
mesopores. The MVP carbon has a porous structure placed between 
those of BPL and BAX. Based on this, we expect that energetics of 
acetaldehyde adsorption will also differ. 

Methods. The chromatographic experiments were performed 
with an SRI gas chromatograph equipped with a flame ionization 
detector with helium as a carrier gas The range of experimental 
temperatures was: 313-473K (20 K step).  

Oxidation also affects surface chemistry [4, 5]. After treatment 
with nitric acid the pH decreased, especially for BAX-O, as a result 
of the introduction of oxygen-containing groups. The basic quantity determined from IGC experiment is the net 

retention volume, VN. It is calculated from the retention time using 
the flow rate of the carrier gas and compressibility correction factor 
[17, 18].  

All of the above-described differences in the carbons studied, 
and changes after oxidation should affect the adsorption of 
acetaldehyde. Acetaldehyde is a small molecule with chemical 
formula CH3CH = O. Its van der Waals diameter is around 3.8 Å [6]. 

Fuel Chemistry Division Preprints 2002, 47(2), 464



Due to the presence of aldehyde groups it is able to interact with 
oxygen containing groups on the surface via hydrogen bonding. 
Moreover, acetaldehyde should also interact in a dispersive way via 
hydrocarbon moiety with basal plane of carbons [7]. These 
interactions should reflect on the values of isosteric heats of 
adsorption (Table 2). Comparison of two significantly different 
samples, BPL and BAX, indicate the differences in the mechanism of 
adsorption. The heat of acetaldehyde adsorption on BAX is about 8 
kJ greater than that for BPL. In fact the comparison of PSDs 
indicates that the smaller pores, and in a higher volume, are present 
in the BPL carbon, which leads to the higher heat of adsorption than 
that for BAX. The reverse results suggest that in the case of the wood 
based carbon the oxygen containing groups present on the surface 
contribute to the energetic of the process. We expect the heat of 
acetaldehyde adsorption on activated carbon to be in the range of 33-
51 kJ/mol [2, 7]. Indeed, the values reported in Table 2 are in the 
expected range. When contribution of hydrogen bonding exists, the 
heat should be even greater of about 10 kJ/mol [7]. In such a 
situation hydrogen bonding between aldehyde group and functional 
groups on the carbon surface and aldehyde-aldehyde functional 
groups can be formed. For comparison, the heat of acetaldehyde 
adsorption on graphitized carbon black was found to be equal to 25.8 
kJ/mol suggesting that on microporous activated carbons the heat 
should be around 52 kJ/mol. 
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Table 2. Heats of  acetaldehyde adsorption on the carbons 

studied [kJ/mol]. 
Sample Qst 
BAX 69.4 

BAX-O 32.4 
BPL 61.6 

BPL-O 50.3 
MVP 51.2 

MVP-O 35.9 
 
The presence of functional groups in the very small pores of 

carbons results in a decrease in the heat of adsorption. This is due to 
the weaker interactions of hydrocarbon moiety with the sorbent 
matrix. Another reason for the decrease may be in inaccessibility of 
very small pores to acetaldehyde molecule. If functional groups are 
located at the edge of graphite-like layers their high density may 
result in blocking the smallest pores for adsorptive molecule. The 
observed decrease in the heat of acetaldehyde adsorption for BPL 
carbon after oxidation may also be related to inaccessibility of pores, 
combined with higher density of acidic groups. This is supported by 
the fact that in the case of this carbon the pore structure is left almost 
intact after oxidation. 

One can see an apparent discrepancy between the explanation of 
a decrease in the heat of adsorption and the results obtained from 
adsorption of nitrogen. When N2 is adsorbed the amount of adsorbate 
is much greater than in our IGC experiment. Moreover, nitrogen 
covers much larger range of pore sizes than acetaldehyde does at 
infinite dilution. All of these causes that the nitrogen adsorption is 
affected less by the oxidation process. 

Interesting results were obtained when the adsorption of 
acetaldehyde at saturation conditions was analyzed. Figure 1 
visualizes the differences between the carbon before and after 
acetaldehyde adsorption. On the curves two well-defined peaks are 
present at about 400 and 450 K with various intensities. The intensity 
of the first peak increased for all carbons after oxidation whereas the 
intensity of the second peak is almost constant. Taking into account 
the changes in carbons' structure and surface chemistry it is likely 
that the first peak represents weaker adsorption of acetaldehyde via 

hydrogen bonding on functional groups. The second peak is related 
to adsorption in small pores via dispersive interactions. After 
oxidation this peak is almost unchanged for BPL and MVP carbons. 
In the case of BAX the most pronounced decrease in intensity of the 
second peak is noticed which may be related to the partial destruction 
of the micropore structure of this carbon. 
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Figure 1. Difference in DTG curves for carbons after and before 
acetaldehyde adsorption. 
 
Conclusions 

The results presented in this paper show that the adsorption of 
acetaldehyde on activated carbons depends strongly on the pore size 
distributions of adsorbents and their surface chemistry. When very 
small pores, close to the size to acetaldehyde molecule, and oxygen 
containing groups are present (to certain extent) the heat of 
adsorption reaches its maximum value. Small density of surface 
groups can enhance the heat of adsorption whereas extensive 
oxidation leads to a decrease in the strength of adsorption forces.  
This happens due to the blocking of the pore entrances with 
functional groups and a decrease in the accessibility of hydrophobic 
surface where the dispersive interactions of hydrocarbon moiety with 
small pore walls can be enhanced. Oxidation of carbon surfaces 
results in an increase in the amount of acetaldehyde adsorbed at 
saturation conditions. 
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Introduction 
Previous papers 1-3 have reported that olive-waste cake is an 
excellent precursor for the production of activated carbon. Indeed, 
these activated carbons have proved more effective to adsorb 
pollutants contained in drinking water and to decolorize sugar 
syrup than have some commercial activated carbons. 
The main objective of the present paper is to obtain activated 
carbons from olive-waste cakes, which are abundant waste 
materials in Morocco and Spain, by means of a one-step method, 
which combines the above two steps (carbonization and 
activation) in one step, consisting of the pyrolysis of the raw 
material at high temperature in a steam flow.  
Once the activated carbons were obtained, they were 
characterized, and we investigated the optimal experimental 
conditions required to prepare activated carbons suitable  for use 
as adsorbents to remove pollutants from water. These results were  
compared with those obtained for both activated carbons obtained 
by the two-step method and a commercial activated carbon used 
by the National Office of Drinking Water (ONEP) in Morocco. 
Experimental 
Raw material. Olive-waste cakes were obtained from olive oil 
processing. 
Activated carbon preparation. The activation of the raw material 
was done in a thermolyne silica electric oven. The steam flow was 
140 cm3 min-1. The activation temperatures were between 750°C 
and 850ºC and the activation times between 30 and 80 min. 
Adsorption tests from aqueous solutions. The adsorption 
capacities of the carbon samples for methylene blue (Y2) and 
iodine (Y3) were calculated applying the Langmuir equation 4. The 
methylene blue were dosed spectrophotometrically at 680 nm. The 
iodine concentrations were determined using the sodium 
thiosulfate volumetric method. 
Response Surface Methodology.The analysis was achieved by 
response surface methodology,which gave satisfactory results5-7. 
Each response (Y) can be described by a second order model 
adequate to predict  responses in all experimental regions: 

Y = a0 + a1X1 + a2X2 + a11 X1
2 + a22 X2

2 + a12X1X2 where  X1 
 is the coded variable related to the natural variable U1 

(activation temperature) and X2  is related to the natural variable 
U2 (activation time). Values for the coefficients “a” are chosen so 
that the model fits the experimental data as closely as possible. 
 
Results and discussion  
The responses studied were the total yield in the activated carbon 
preparation (Y1), the capacity of the activated carbon to adsorb 
methylene blue (Y2) and iodine (Y3). The choice of these 
parameters was based on their characteristics. The methylene blue 
test can be used to predict organic compound adsorption and is a 
simple method for screening for a specific carbon in water 
treatment. The iodine adsorption test indicates the total surface 
area of the carbon and is also a performance indicator for water 
treatment applications 8. 
Response analysis and interpretation.  Following the model 
established for each response, we can represent graphically the 
surface of the corresponding responses. The values of the 

coefficients provide information on the influence of the factors 
and the curves obtained show the extreme, or at least privileged, 
directions (zones of interest of the factors). 
 
Total yield (Y1). Analysis of this response (Figure1.) showed that 
at low activation temperatures, the increase in activation time from 
30 to 80 min induces little variation in the total yield. In contrast, 
at high activation temperatures, the increase in activation time 
produced a major reduction in yield. These results indicate that the 
gasification rate  of olive-waste cakes with steam is very low at 
low temperatures (around 750 ºC) and high at high temperatures 
(around 850 ºC). 
 

 
Figure 1. Variation of total yield (Y1, %)  as a function of X1 and 
X2. 
 
Adsorption capacity of methylene blue (Y2) and iodine (Y3). As 
shown in Figure 2, the capacity of the carbon samples to adsorb 
methylene blue (Y2) and iodine (Y3) is highly dependent on the 
activation temperature (X1) and time (X2) used to prepare the 
carbon samples. 
 

 
Figure 2. Variation of the adsorption capacity, mg g-1, of activated 
carbon, as a function of X1 and X2. a) Methylene blue (Y2); b) 
Iodine (Y3).  
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The effect of activation time on these characteristics is noticeable 
only at high activation temperatures, especially in the case of 
methylene blue adsorption.  
Thus, at activation temperatures below 770 ºC the activation time 
did not affect the capacity of the carbon sample to adsorb this 
compound, whereas at high activation temperatures, a small 
increase in activation time brings about a major increase in 
methylene blue adsorption. At high temperatures, the activation 
reaction of the olive-waste cakes may take place rapidly 
producing a development of the porosity of the activated carbon 
obtained, and, therefore, an increase in its capacity to adsorb 
methylene blue (Figure 2.a) and iodine (Figure 2.b). 
 
Optimization. The main objective of the optimization was to 
determine the optimal conditions of activated temperature and 
residence time for the preparation of active carbons from olive 
waste cakes in one step. Because this material will be used in the 
process of drinking water treatment, it was necessary to establish 
domains of variation of each response in relation to the activate 
carbon characteristics required. 
From an economical point of view, the total yield of the process 
(Y1) is a positive parameter. The total yield of 10 - 20% is 
compares well with the average yield of 8% in the industrial 
sector. 
With respect to quality characteristics (Y1 and Y2) , we established 
a range of variation for these two responses of 180 - 450 mg/g for 
methylene blue and 900 - 1450 mg/g for iodine.  
The optimization of a process depends on a number of constraints. 
In the present study, the objective was to enhance the yield in the 
manufacture of an activated carbon of given characteristics. These 
requirements cannot be differentiated in the interest zones of the 
factors. Thus, it is difficult to optimise all responses under the 
same conditions because the interest region of factors is different. 
Indeed, when Y1 increases, the other two responses (Y2 and Y3) 
decrease. This situation led us to seek a compromise (domain 
depicted in Figure 3) between the quality and quantity of the 
active carbon prepared. It can be observed that there is an 
extensive range of both temperature and time of activation in 
which activated carbons with the required characteristics can be 
obtained. 
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   Figure 3. Domain of compromise 
 
The optimal point indicated by the model corresponds to a 
temperature of 785°C and a residence time of 85 min (Figure 3). 
The response values of the carbon calculated from  
the model for these experimental conditions are given  
in Table 3 (Sample AC-1). In order to test the validity of the 
results, an activated carbon sample (optimal activated carbon) was 
obtained at these experimental conditions following the one step 

method (Sample AC-1) and its characteristics (Y1, Y2 and Y3), 
were experimentally determined (Table 3). The experimental 
values of these parameters show a good agreement with those 
calculated from the model.  
 
Table 3 also shows the calculated and experimental response 
values of the “optimal” activated carbon obtained by two steps3 
(Sample AC-2) and the experimental response values of the 
activated carbon AC-ONEP. Comparing the responses of these 
“optimal” activated carbons, it is clear that carbon obtained by the 
two-step method has a greater capacity to adsorb methylene blue 
(Y2) and iodine (Y3) than those obtained by the one-step method. 
Both of these activated carbons showed higher values of Y2 and 
Y3 than those of the commercial activated carbon AC-ONEP. 
 

Table 3. Calculated and experimental response values 
corresponding to a compromise between Y1, Y2 and Y3  for the 

“optimal” activated carbons 
 

Activated 
carbon 

 
Responses 

 
Y1 
(%) 

 
Y2 

(mg g-1) 

 
Y3 

(mg g-1)
 

 
Calculated 

 
15.5 

 
288 

 
1116 

 
 

AC-1 
 

Experimental 15.1 268 1125 

Calculated 16.2 433 1422  
AC-2 Experimental 

 
15.8 426 1390 

AC- ONEP Experimental  250 1100 
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ASSEMBLY MECHANISMS IN MESOPHASE-BASED 
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Introduction 
Fullerenes, carbon blacks, glassy carbons, and many other carbons  
forms have outer surfaces rich in graphene basal planes1. An 
alternative carbon form with “inverted” crystal structure is found in 
some carbons prepared by controlled heat treatment of condensed 
phase precursors that pass through a fluid state2,3 (see Fig. 1).  The 
fundamental molecular assembly principles that govern structure 
selection in these carbon forms not completely understood, although 
it is clear that the inverted form involves discotic polyaromatic 
compounds as liquid crystalline intermediate phases2,3.  Here we 
present a basic investigation of the molecular orientation of large 
polyaromatic molecules on a variety of interfaces (“surface 
anchoring4) and of wetting behavior that provides information on 
interfacial energies.  The results are used to understand the assembly 
mechanisms of large PAH and to identify the mechanism that selects 
concentric vs. bipolar structures in carbon spheres. 

Figure 2.  Edge-on and face-on anchoring states in disotic liquid 
crystals. Sketch shows the geometric mismatch responsible for 
inhibited dispersion upon anchoring at an amorphous solid surface. 
Graph gives inhibition factor, FI, for face-on disks as a function of 
the degree of surface irregularity expressed as a width of the 
interfacial zone. This model calculation assumes linear density 
profile in the interfacial zone (shown in inset) and an inverse square 
dependence of Lennard-Jones forces between two infinite slabs.   
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Results and Discussion 
We observe polyaromatic molecules in AR mesophase to anchor 
edge on at the free surface (gas interface) in agreement with White7, a 
result that indicates the edge-on plane in mesophase has a lower 
surface free energy than the face-on (basal) plane.  Similar edge-on 
orientation is observed on most of the substrates examined: 
borosilicate glass, aluminum, copper, indium tin oxide, quartz, 
sapphire, and PTFE.  The sole exception to this trend is the basal 
plane of highly oriented pyrolytic graphite (HOPG), which produces 
a liquid interface that is featureless and directionally invariant, 
indicating strict face-on orientation of the disk-like molecules. 

Figure 1.  Two classes of crystal symmetries in carbon bodies.  Lines 
are drawn parallel to aromatic planes or graphene layers.  Left: 
concentric symmetry of “closed” carbon forms: carbon black, nested 
fullerenes.  Right: bipolar symmetry of Brooks-Taylor carbon spheres 
with “inverted” crystal structure.  

  
Measured values of polyaromatic liquid (AR) surface tension and its 
contact angle on various substrates are reported in Table 1.   Several 
features of this data are anomalous. First, a standard assignment of 
liquid polarity derived by applying the Fowkes theory8 to the surface 
tension and contact angle on non-polar PTFE yields a dispersive 
component of 20 mJ/m2 and by difference a polar component of 7.2 
mJ/m2 (26% of the total).  This apparent 26% polarity is quite 
surprising in light of the purely hydrocarbon nature of this liquid 
(C,H > 99 wt-%, O = 0.33 wt-%).  A further aspect of the anomalous 
wetting behavior is the increase in contact angle as substate surface 
energy increases from 65 to 78 mJ/m2 in Table 1.  This increase in 
inconsistent with the notion of a polar component in these liquids, 
and is also inconsistent with the general practice of surface 
treatement in composite fillers, used to increase surface energy and 
thus enhance filler/matrix adhesion.  Quantitative treatment of the 
wetting data set shows it to be inconsistent with the Owens-Wendt 
theory6, which predicts complete wetting (θ=0) of all surfaces but 
PTFE.  In general AR exhibits an weaker interaction with surfaces 
than is predicted by common interfacial theories.  

Experimental 
Experiments were conducted with the naphthalene homopolymer AR 
mesophase (Mitsubishi Gas Chemical, HP grade).  AR has molecular 
weights from 200-1400 Daltons with an MW distribution peak about 
600 Daltons5.   It has a C/H atomic ratio of 1.6, and softens at 280-
350 oC to form a homogeneous discotic liquid crystalline phase.  The 
AR liquid surface tension was measured by the pendent drop method 
at 325 oC in N2 using the Kruss DSA10 drop shape analysis system. 
Surface anchoring states (see Fig. 2) were determined experimentally 
by coating molten AR films onto transparent, removable, or etchable 
substrates followed by direct microscopic examination of the 
interface. Edge-on and face-on anchoring states were identified 
through the presence or absence of optical anisotropy at the interface 
respectively.  AR contact angles were measured at 325 oC in N2also 
using the DSA10.  The same set of solid surfaces were characterized 
for surface energy and its dispersive and polar components by 
application of the standard Owens-Wendt theory6 to contact angles of 
standard reference liquids (diiodomethane and water) measured by 
the Schultz technique.   

Fuel Chemistry Division Preprints 20 02, 47(2), 422 
 



Fuel Chemistry Division Preprints 20 02, 47(2), 423
 

 
Table 1.  Surface Energies and AR Contact  Angles 

  substrate surface dispers. polar contact inhib. effective  

Table 1 shows inhibition factors calculated from the wetting data 
using Eq. 1 and the classical Young equation.  Minimizing interfacial 
free energy, γsl(θ), in Eq. 1 results in a particularly simple and 
insightful anchoring citerion: If FI

2γs
d < γl , then interfacial energy 

effects favors face-on anchoring, and if FI
2γs

d >γl, then interfacial 
energies favor edge-on anchoring.    The criterion introduces the 
quantity FI

2γs
d as an effective solid surface energy for the inhibited 

dispersion interaction with large rigid, non-polar molecular disks  
Since FI

2γs
d is always less tha γl in Table 1, edge-on anchoring 

predominates.  

 energy†  part†  part†  angle     factor   disp. energy 
    degrees   FI   FI

 2γs 
 PTFE  18 18 0 66.5 0.86 13.3 
 Borosilic. glass 67.5 33.9 33.6 26.8 0.84 23.9 
 Aluminum 72.4 34.6 37.8 35.9 0.80 22.1 
 Iron 72.5 33.8 38.7 37.0 0.80 21.6 
 Bisque alumina 78.0 33.1 44.9 40.6 0.79 20.6 
 

 † bare-solid surface energies and their components in mJ/m2 ;    
A direct consequence of this inhibition is that internal π−π bonds in 
polyaromatic liquids will be stronger than π/non-π surface bonds in 
most cases, and polyaromatics will assemble in a way that preserves 
π−π bonding — a simple rule with the power explain a number of 
observations.  First, edge-on anchoring is favored because it 
preserves internal π−π bonds at the expense of potential π-surface 
bonds — the exception being the graphite basal plane which offers 
π−π bonding across the interface  A second application of the π−π 
preservation principle Brooks-Taylor spheres.  During heating the 
largest disk-like polyaromatics assemble in face-to-face to maximize 
π−π bonding.  This π−π interaction is further enhanced by expelling 
small or defective weak-π-bond-formers to a surrounding isotropic 
phase.  Within the droplets of the high-molecular weight ordered 
fluid, the particular bipolar configuration arises as a requirement of 
edge-on surface anchoring, selected by the same underlying rule: it 
preserves internal π−π bonds at the expense of the weaker potential π 
bonds with the surrounding disordered liquid.  Indeed the observed 
bipolar structure achieves all possible internal π−π interactions 
except for two point defects at the polar caps (see Fig. 1), and is thus 
favored over the alternative, symmetry-allowed concentric, “onion” 
structure (see Fig. 1), which would sacrifice a full set of internal π−π 
bonds at the periphery.  

 
 
A π−π-Bond Theory of Wetting, Anchoring, and Assembly 
We propose that both the poor wetting and the favored edge-on 
anchoring state are the result of strong non-covalent face-face 
interactions involving aromatic π clouds — so-called “π−π 
interactions” 9.  Aromatic π−π interactions are of intense interest for 
their role in molecular recognition, DNA base pair interactions, the 
tertiary structure of proteins, and a host of other phenomena9.   
Critical examination of this literature indicates that in the absence of 
strongly electron donating or withdrawing groups, π−π interactions 
are dominated by dispersion and quadrapolar forces, the latter being 
responsible for the tilted and offset arrangements in smaller 
molecules12.  Charge transfer or orbital overlap affects electrical 
conductivity in π−π stacks10, but does not typically determine overall 
energy or configuration in the absence of very strong electron 
donating or withdrawing groups9,11.  As molecular size increases, the 
dispersion forces prevail over the weak quadrapolar forces, producing 
face-to-face stacking with only slight offset among large molecules, 
as confirmed experimentally by TEM studies of polyaromatic liquids 
and young carbon solids2.   
 

 The distinctive structural feature of large polyaromatics is extended 
molecular planarity, gives rise to a high area-density of dispersive 
centers for interaction with adjacent atomic planes.  In the case of 
face-on anchoring, atomic-scale surface irregularity many carbon 
atoms from achieving the optimal interatomic distances across the 
interface (see Fig. 2).  This geometric effect can be expected on all 
solids except crystals cleaved along planes of high atomic surface 
density (graphite, mica). In the edge-on state, the disk/surface 
interactions are also limited by the fixed geometry of the solid 
surface, which would rarely conform closely to the circular geometry 
of large, edge-on disks.  Here we describe interfacial energies for 
non-polar liquids with the classical approach modified to account for 
geometric mismatch: 
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where i and j are dispersion centers in the liquid and solid, 
respectively.   Figure 2 shows that the total dispersion energy falls off 
very sharply with increasing irregularity, and the inhibition is 
significant even when the sparse interfacial zone is thinner than one 
interatomic distance in the bulk solid 
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Introduction 

Because of the high energy storage capability, 
electrochemical capacitors (ECs), which still retain the high power 
density feature of conventional capacitors, have received 
considerable attention for serving as peak-power or backup energy 
sources.1 Porous carbon is the electrode material used most 
frequently for ECs. Use of high surface-area carbon electrodes 
results in large capacitance, mainly due to the formation of double 
layer at the electrode surface.2 In addition to the charge 
accumulation mechanism that forms double layer on carbon 
surface, there are possible contributions from hetero-atom surface 
complexes that would provide sites for reversible chemisorption of 
a working ion and thus give rise to pseudocapacitance.3 

The presence of oxygen surface complexes on carbon 
electrodes of an EC has been shown to affect the performance of 
the capacitor.4-5 Some types of oxygen functional groups may 
provide redox activity to enhance the pseudocapacitance.5 In this 
study surface oxides are introduced to porous carbons, and the 
electrochemical performances of the resulting capacitors are 
examined, in the attempt to identify the effects of different oxygen 
groups on double layer formation.  
 
Experimental 

Oxidation of activated carbon.−Polyacrylonitrile (PAN)-
based activated carbon fabric was employed as the basic electrode 
material for the capacitors in the present work. The fabric has a 
thickness of 0.4–0.6 mm. The carbon fabric was cleaned by 
calcination at 900 °C in N2 for 20 min prior to any measurement or 
further treatment. The thermally treated carbon fabric (CFT) was 
served as the fresh carbon in the present work.  

Nitric acid was used in the oxidation treatment of CFT. The 
treatment was initiated by stirring one gram of the carbon in a 2 N 
nitric acid solution. The stirring was performed at 90 °C for 1 h. 
The oxidized product was then dried in vacuum at 110 °C for 7 h, 
to give the nitric acid-oxidized fabric. To prepare carbons 
containing different populations of surface complexes, the oxidized 
fabric was subjected to calcination at temperatures of 150, 300, 
450, 600, and 750 °C under N2 flow for 1 h.  

Surface characterization.−Specific surface areas and pore 
volumes of the carbon fabric were determined by N2 gas 
adsorption at −196 ºC. Temperature programmed desorption (TPD) 
technique was employed to analyze the population of carbon-
oxygen complexes on the fabric samples. The evolution of CO and 
CO2 during TPD was continuously monitored using a non-
dispersive infrared analyzer.  

Electrochemical measurements.− Electrochemical 
measurements were carried out at ambient temperature using 1 M 
H2SO4 as electrolyte. The capacitance of the electrodes was 
measured by charging the cells at 0.5 mA to 0.6 V, followed by 
discharging to 0 V at different currents of 0.5, 1, 2, and 3 mA.  
 
Results and Discussion 

Surface characteristics of the carbon samples.−The 
physical characteristics of the carbon samples determined from N2 
adsorption are given in Table I. These carbon samples were 
designated using the nomenclature of the carbon fabric treated with 
nitric acid, CFN, followed by the calcination temperature. The data 
show that the pore volumes of these samples are predominantly 
contributed by micropores. The influence of physical 
characteristics will be considered to be minor in the present work, 

since the changes in porosity and pore size distribution caused by 
the treatment are not obvious.  
 

Table I. 
Physical characteristics of the carbon fabric samples obtained 

from different treatment processes. 
Carbon   Surf. area  Pore vol. Pore size distribution 
sample    (m2 g-1)   (cm3 g-1) micro(%) meso(%) 
 
CFN150   925 0.44  100   0  
CFN300  1030 0.49  100   0   
CFN450  1080 0.52  100   0   
CFN600  1140 0.55  100   0   
CFN750  1060 0.51   98   2 
CFT  1170 0.56  100   0   
 

The population of oxygen functional groups present on the 
carbon surface was evaluated using TPD. It has been well known 
that upon thermal treatment in an inert environment oxygen 
functional groups such as carboxyl, anhydride and lactone groups 
would desorb as CO2 while hydroxyl, carbonyl and quinone groups 
would desorb as CO.4. 

The accumulated amounts of CO2 and CO evolutions during 
TPD are given in Table II. The results show that the amount of 
CO2 evolved from these carbon samples decreases with the 
increasing calcination temperature, while that of CO evolved 
increases slightly with the temperature and passes through a 
maximum at 450 °C before showing a decreasing trend. The total 
O evolution calculated from the amounts of CO2 and CO decreases 
monotonically with the calcination temperature. The decrease in 
the amounts of CO2- and CO-desorbing complexes with the 
calcination temperature is expected, since the oxidized sites would 
undergo decomposition and become vacant upon calcination. The 
increase in CO-desorbing complexes in the low calcination 
temperature regime is not expected. This may probably result from 
the transformation of some CO2-desorbing complexes into CO-
desorbing during the period of calcination.  
 

Table II. 
Accumulated amounts of CO2, CO and total O evolutions from 

the carbon fabrics during temperature programmed 
desorption 

Carbon CO2 evolution CO evolution Total O evolution
  
type     (mmol g-1) (mmol g-1) (mmol g-1) 
    
CFN150 0.21 0.46 0.88 
CFN300 0.14 0.52 0.80 
CFN450 0.07 0.53 0.67 
CFN600 0.03 0.35 0.41 
CFN750 0.03 0.17 0.23 
CFT 0.03 0.08 0.14 
 

Electrochemical performance of the resulting capacitors.−To 
illustrate the influence of the surface oxides on the capacitance of 
carbon fabric samples, constant current charge-discharge cycling was 
conducted to measure the capacitance of the resulting capacitor cells. 
The specific discharge capacitance of the electrodes in the cells was 
calculated according to 
 C = (2 × I × t)/(W × ∆E) 
where I is the discharge current, t the discharge time, W the 
carbon fabric mass on an electrode and ∆E the potential 
difference in discharge, excluding the portion of IR drop. The 
factor of 2 comes from the fact that the total capacitance 
measured from the test cells is the addition of two equivalent 
single-electrode capacitors in series. 

Fig. 1 shows the specific capacitances of the samples 
calcined at different temperatures. As to the effect of oxidation, the 
results reflect that the specific capacitance of the carbon fabric 
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increases upon nitric acid treatment, except that CFN750 has 
capacitances slightly lower than those of CFT. The extent of 
calcination in N2 following the oxidation shows a great influence 
on the performance of the resulting cells. The capacitance 
increases with the calcination temperature and reaches a maximum 
value at a temperature of 450 °C before decreases with the 
temperature. Obviously, not only the population but also the type 
of surface oxides affects the capacitance.  
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Figure 2. Variation of specific capacitance with the difference of 
CO evolution minus CO2 evolution ([CO – CO2]) in TPD. 
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Figure 1. Variation of specific discharge capacitance for different 
calcination temperature. 
 

Comparing the specific capacitance and the accumulated 
amount of CO-desorbing complexes of the samples, both quantities 
show similar variation trends with the calcination temperature and 
both have a maximum value at 450 °C. This indicates that the 
electrochemical capacitance of carbon can be improved through 
the introduction of CO-desorbing complexes, such as carbonyl and 
quinone.3 However, the variation of capacitance was not solely 
determined by the amount of CO-desorbing complexes. For 
example, CFN150 has a larger amount of CO-desorbing complexes 
than CFN600, but has a lower capacitance. Furthermore, the slight 
increase in the amount of CO-desorbing complexes with 
temperature for calcination temperatures lower than 450 °C cannot 
explain the sharp increase in capacitance with the temperature. On 
the other hand, the amount of CO2-desorbing complexes shows a 
rapid decreasing trend within this temperature range. This indicates 
that CO2-desorbing complex might play an inhibitor role in this 
energy storage process.  

 
Figure 3. Variation of capacitance and coulombic efficiency with 
cycle number for the CFN450 electrode (2 cm2) charged and 
discharged at 3 mA in 1M H2SO4 
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The stability of the prepared capacitors can be examined by 
conducting repeated charge-discharge cycling. A capacitor 
equipped with CFN450 electrodes was charged and discharged 
between 0 and 0.6 V at 3 mA to confirm the stability. The 
variations of the discharge capacitance and coulombic efficiency6 
with cycle number are shown in Fig. 3. The results exhibit that the 
capacitor has stable capacitance (about 166 F g-1) and coulombic 
efficiency (about 99.5 %) over 100 cycles.  
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Introduction
The current study addresses the problem of oxidation

protection of low density porous carbon/carbon composites.
These materials are attractive in several applications, including
thermal protection systems for several NASA missions.

One method of oxidation protection of carbon could be the
coating of the carbon surface with a protective substance such as
organosilicon compounds and silicon oxycarbide [1-3].  Leiser et
al. [4] proposed protection of a porous carbon substrate by its
impregnation with silicon oxycarbide derived from siloxane gel,
and the resulting material was called Refractory Oxidative-
Resistant Ceramic Carbon Insulation (ROCCI).  The subject of the
current study is the extent of oxidation resistance in ROCCI before
and after extended heat treatment.

 Experimental
Carbon Substrates.   Some typical properties of the

porous carbon substrate used to produce ROCCI material are shown
in Table 1.

Table 1.  Some Properties of Carbon Substrates

Bulk Density 0.23 g/cm3

P o r o s i t y 83 vol%
Average fiber diameter 8 µm
Carbon content 99.9 wt%

ROCCI Material.  The ROCCI material was provided by
HC Chem Research and Service Corporation, courtesy of Dr.
Ming-ta Hsu and Dr. Timothy Chen.  It is prepared by the
impregnation of the porous carbon  substrate with a siloxane gel
derived from organoalkoxy silanes in the  base medium.  The gel i s
dried and pyrolyzed at temperatures of 1000 - 1500 °C to obtain an
insulation material containing approximately 32 wt% of carbon,
31 wt% of oxygen, and 37 wt% of silicon.  A standard three-step
process was employed.  ROCCI material is black in color and has
average density and average tensile strength of 0.95 g/cm3 and
0.53 MPa, respectively.  In addition to the as-received ROCCI, a
sample of ROCCI heat treated in argon at 1500 °C for 24 hours was
studied.  The latter sample lost about 58% of its weight and
changed its color to gray after the heat treatment.

Procedures.  Scanning Electron Microscopy (SEM) images
were taken on an Amray 1810 instrument; samples were coated
with gold/palladium before the SEM analysis. X-Ray Diffraction
(XRD) spectra were obtained on a Scintag XGEN-4000 instrument
using 0.05° step and 2°/min step rate.  Oxidation properties were
studied by thermal gravimetric analysis (TGA) and by isothermal
heating the material at 1700°C in air for 30 min.  TGA runs were
done in 13% oxygen/argon mixture with a heating rate of
10 °C/min. using a Luxx STA 409PC apparatus from Netzch.

Results and Discussion
SEM Characterization.  A micrograph image of the

three-step ROCCI is shown in Figure 1.  Carbon fibers and the
matrix material can be clearly seen; however, there is no
immediate coating of carbon fibers with the silicon oxycarbide.
Figure 2 and Figure 3 present images of ROCCI after the treatment
in air at 1700 °C and in argon at 1500 °C, respectively.  The air-
oxidized sample shows no presence of carbon fibers which were
gasified due to oxidation.  The argon-treated sample does show the
presence of the initial fibrous structure; however, the fibers are
covered with a product of decomposition of silicon oxycarbide
matrix which had a distinctive whisker-like structure.  The nature
of these whiskers is revealed by the XRD analysis.

Figure 1.  Micrograph of the three-step ROCCI material.

Figure 2.  Micrograph of the three-step ROCCI heat treated in air
at 1700 °C for 30 min.

Figure 3 .  Micrograph of the three-step ROCCI after heat
treatment in Argon at 1500 °C for 24 hours.
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XRD Analysis.  Three XRD patterns of the as-received
ROCCI sample, after oxidation in air at 1700 °C, and after heat
treatment in argon at 1500 °C are shown in Figure 4.  Before the
oxidation, there are no distinctive peaks which suggests
amorphous glass-like structure of silicon oxycarbide matrix in
ROCCI.  After the heat treatment in air, there is a distinctive
presence of SiO2 (cristobalite) which is most likely formed due to
high temperature oxidation of silicon oxycarbide.  After heat
treatment in argon, all the peaks in the XRD spectrum coincide
with SiC peaks.  It is therefore concluded that silicon oxycarbide
changes its structure to silicon carbide upon the heat treatment in
inert atmosphere.  It is also evident that the whiskers seen on SEM
image of the heat treated ROCCI sample (see Figure 3) is silicon
carbide.

Oxidation S tab i l i ty .  Figure 5 shows the TGA weight
loss curves of three samples (as described in the figure caption).
The ROCCI sample appears to be slightly more stable to oxidation
than the carbon substrate, however complete gasification of both
samples due to the reaction with oxygen starts at approximately
600 °C and is finished by the time the temperature reaches
820 °C.  Therefore, there is no great effect of silicon oxycarbide
matrix as an oxidation protection system.  The absence of

Figure 4 .   XRD patterns of (a) as-received ROCCI; (b) ROCCI
oxidized at 1700 °C; (c) ROCCI heat treated in argon at 1500 °C.

adequate protection is most likely due to the fact that the matrix
does not cover the surface of the fiber as is evident from the SEM
images.  However, the heat treatment of ROCCI at 1500 °C in an
inert atmosphere leads to the formation of SiC as follows from the
XRD analysis described above, and thus reduces significantly the
oxidation rate.

The fact that polysilanes and polycarbosilanes could be
converted into silicon carbide upon heat treatment is known in the
literature [5].  The mechanism of conversion of silicon oxycarbide
to silicon carbide in the current study remains unclear.  It i s
possible that silicon oxycarbide is subject to pyrolysis and the
products of pyrolysis get deposited on the carbon fiber in a
manner similar to a chemical vapor deposition process.  The fact
that the sample heat treated at 1500 °C in argon, does not  lose
any weight at 1000 °C in air suggests that the thickness of the SiC
coating on the fibers is sufficiently high to protect them from
oxidation.  It is also possible that the outer layer of carbon fibers
gets converted into SiC during the sample pyrolysis.
Clarification of these questions is the subject of future research.

C o n c l u s i o n s
The oxidation stability of the new ROCCI material was

studied.  High temperature oxidation of ROCCI at 1700 °C  leads to
the formation of cristobalite and the loss of carbon fibers.  It was
shown that the oxidation resistance can be enhanced by high
temperature treatment in an inert atmosphere due to the formation
of SiC coating on the carbon fibers.  The exact nature of the
interaction of carbon fibers with the silicon oxycarbide matrix i s
the topic of future research.

References
(1) Harris, M.; Chaudhary, T.; Drzal, L.; Laine, R.M. Mater. Sci.

Eng. A, 1995, 195, 223.
(2) Manocha, L.M.; Manocha, S.M. Carbon, 1995, 33, 435.
(3) Keller, T.M. Carbon, 2002, 40, 225.
(4) Leiser, D.B.; Hsu, M.S.; Chen, T.S. U.S. Pat., No.

6,225,248, 2001 .
(5) Brook, M.A In Silicon in Organic, Organometallic, and

Polymer Chemistry; John Wiley & Sons: New York, 1995; p .
366.

Figure 5 .   TGA weight loss curves due to oxidation in a 13 %
oxygen/argon mixture for the samples of starting carbon
substrate, three-step ROCCI, and ROCCI heat treated at 1500 °C in
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Introduction 

Effective sorbents are needed for the control of mercury 
emissions in flue gas from coal-burning utilities. The commercial 
powdered carbon Norit flue gas desulfurization (FGD) sorbent has 
been thoroughly investigated at the Energy & Environmental 
Research Center (EERC) as a sorbent for elemental mercury (Hg0) in 
flue gas streams (1, 2). Extensive factorial evaluations of powdered 
sorbents were conducted in a bench-scale system consisting of a thin 
fixed-bed reactor in gas streams containing 15 µg/m3 of Hg0 in 
various simulated flue gas compositions consisting of acidic SO2, 
NO2, and HCl gases plus a base mixture of N2, O2, NO, CO2, and 
H2O (1). In an atmosphere containing HCl or NO2, the Norit FGD, 
which is a Texas lignite-derived activated carbon (AC), was effective 
for capture of Hg0 from the gas phase at temperatures of 100° to 
150°C. Without either HCl or NO2 in the gas stream, the carbon 
sorbents are ineffective, and immediate breakthrough occurred. 
 
Mercury–Flue Gas Interactions with FGD Sorbent 

In tests conducted with the FGD sorbent in the simulated flue 
gas containing NO2 but not SO2, very little breakthrough was 
observed over an extended time period, indicating that the bound 
mercury form is quite stable. The capture is attributed to oxidation of 
the Hg0 and concomitant reduction of NO2 with formation of a low-
volatile oxidized mercury species that remains bonded to the sorbent 
(3). Reactions of Hg0 with NO and NO2 in a glass container were 
previously reported to form mercuric oxide and mercuric 
nitrate/nitrite mixtures (4). 

When SO2 was added to the gas mixture containing the NO2, the 
mercury sorption rate was initially high (98% of inlet Hg0 was 
sorbed); however, breakthrough occurred at times inversely 
proportional to the concentration of SO2; that is, the higher the 
concentration of SO2 is, the shorter the breakthrough time. This 
sensitivity is consistent with the hypothesis that SO2 poisons the 
basic binding site for Hg(II) on the sorbent surface. With typical flue 
gas SO2 concentrations (1500 ppm), the breakthrough occurs after 
1 hour at the 107°C conditions. The breakthrough curve was 
relatively steep, increasing to 100% or greater emission after about 
2 hours. Not only is mercury no longer sorbed, but mercury sorbed 
earlier in the experiment is released. The mercury that is emitted 
from the sorbent after breakthrough is entirely an oxidized mercury 
species. In reactions conducted with NO2 and SO2 and no HCl, this 
volatile oxidized mercury product was identified as mercuric nitrate 
(5, 6). We recently showed that sequential removal of the inorganic 
matter from the FGD sorbent did not significantly affect the 
breakthrough behavior (7); thus the basic groups, such as calcium 
oxide present in the FGD sorbent, played no role in the mercury–flue 
gas interactions that determine the breakthrough capacity. 
 
Mercury–Flue Gas Interactions with EERC Activated Carbon 
Sorbent 

ACs were prepared at the EERC from a high-sodium North 
Dakota (ND) lignite by mild steam activation. The BET surface area 

was low (245 m2/g), owing to sodium-catalyzed burnout of 
micropores in the highly reactive char and creation of macropores. 
Mercury sorbent experiments were performed with a high-sodium 
ND lignite AC in simulated flue gas compositions to determine the 
mercury–flue gas interactions and sensitivities to SO2 concentrations 
as were performed with the FGD carbon. Initially, a large amount of 
sorbent was used to provide samples for x-ray photoelectron 
spectroscopy (XPS) and x-ray absorption near edge structure (8). 
Later, a small sample of the EERC sorbent was compared with the 
FGD sample under similar conditions. These runs were performed 
with SO2 and NO2 plus the base composition and both with and 
without HCl. In the presence of HCl, the breakthrough times for the 
two sorbents were similar. However, in the absence of HCl in the gas 
stream, no breakthrough was observed for the EERC high-sodium 
carbon sample, in contrast to the typical 1-hour breakthrough 
characteristic of the very low-sodium FGD sorbent as well as several 
other carbons. Thus the sensitivity to SO2 is different for the EERC 
carbon. This behavior is hypothesized to result from the effect of 
sodium oxide on the sorbent surface in helping to defeat the 
interference caused by the SO2. 
 
XPS Analysis of Flue Gas-Exposed Sorbents 

Further insights into the mechanisms of the mercury–flue gas–
sorbent interactions were derived from the XPS data obtained from 
sorbents exposed to various flue gas compositions for time periods 
before and after breakthrough of mercury (8). Although it was not 
possible to determine mercury speciation of the bound mercury, 
information on the forms of sulfur and chlorine was especially 
important in constructing a model for the interactions. For this study, 
the two ACs, Norit FGD and the EERC AC, were placed in a fixed 
bed and subjected to simulated flue gas atmosphere environments 
containing 15 µg/m3 of Hg0 with various levels of SO2, NO2, HCl, 
and H2O. The XPS analysis determined the abundance and form of 
sulfur, chlorine, oxygen, nitrogen, silicon, iron, and carbon on the 
surfaces of the exposed sorbents. Detailed, high-resolution XPS scans 
were performed for S, Cl, N, and Fe. 

The XPS analysis indicated that sulfur(VI) (sulfate or bisulfate) 
is the major sulfur species on all the sorbent samples exposed to flue 
gas compostitions. The longer the exposure to SO2, the more sulfate 
is found in the sample. When NO2 was omitted from the flue gas, less 
sulfate was accumulated. A decrease in sulfate was also observed 
when H2O was omitted from the gas composition. The presence or 
absence of HCl had no effect on the sulfate formed. Based on these 
analyses, several adsorption as well as chemisorption events must 
occur during the exposure of carbon sorbents to flue gas components. 
The adsorbed SO2 is clearly oxidized on the sorbent surface, 
resulting in bound bisulfate. The continued accumulation observed 
for sulfate or bisulfate should occur at basic sites, including basic 
sites on carbon that are responsible for binding the Lewis acid Hg(II). 
This is consistent with the large sensitivity of Hg breakthrough 
observed for SO2 concentrations. The SO2 oxidation reaction is 
influenced strongly by the availability of NO2, a good oxidizing 
agent. Although O2 may also serve as the electron sink, or even the 
carbon structure itself, the reaction in the absence of NO2 gives much 
less sulfate. These data also indicate that the SO2 oxidation reaction 
involves water. 

The XPS data showed that chlorine is present as both chloride 
ion and covalent (organic) chlorine. If mercuric chloride were present 
on the surface, the very small amount could not be seen owing to the 
interference of these forms. More chlorine was present on the 
exposed sorbent when no SO2 was used in the gas compostition. 
Importantly, the chlorine forms disappear from the carbon surface 
when breakthrough occurs. Thus the HCl in the flue gas can donate a 
hydrogen ion to a basic site (Bronsted acidity), as well as add both 
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hydrogen and chlorine to a basic site to form two covalent bonds (a 
type of Lewis acidity). This addition is well known in olefin 
chemistry where alkyl halides are formed. A basic aromatic system, 
especially one containing nitrogen or oxygen, could react similarly, 
reversibly forming an organochloro intermediate. The accumulation 
of chlorine in the absence of SO2 as well as the disappearance of 
chlorine after continued exposure is explained by competition of HCl 
with bisulfate. As more bisulfate is generated from SO2 at the carbon 
surface, it competes with the HCl, and the equilibrium shifts toward 
displacement of the chlorine, owing to the high volatility of the HCl. 
 
Current Model for Sorbent Interactions 

Because of the interference caused by silicon, XPS data could 
not be obtained for the mercury species present in the exposed 
sorbents. Nevertheless, the understanding gained about the flue gas 
interactions at the carbon basic sites contributes to the current model 
of mercury–flue gas–sorbent interactions involving the basic sites on 
the carbons. The interactions that appear to be adequate for 
explaining much of the behavior of the FGD sorbent are summarized 
in the scheme shown in Figure 1. Further details are needed for 
explaining the defeat of the SO2 poisoning in the EERC sorbent, and 
these are currently under investigation. 
 

 
 
Figure 1. Mechanism for mercury capture on FGD sorbent. 
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Introduction
Single wall carbon nanotubes (SWNTs) were first

discovered by scientists at NEC and IBM in 1993 [1,2]. Today
SWNTs are synthesized by three main methods: arc discharge
[1,2], pulsed laser vaporization [3], and chemical vapor deposi-
tion [4,6]. The growing interest of SWNTs for applications and
fundamental science [6,7] demands new approaches and flexi-
bility for the synthesis. Many researchers consider chemical
vapor deposition (CVD) as the only viable approach to large-
scale production.  As a result, research is underway to optimize
the CVD growth, i.e., to investigate the effect of catalyst com-
position, variation of supporting/substrate materials, synthesis
temperature and hydrocarbon gases.  Discovering CVD growth
conditions that favor lower temperature and lower hydrocarbon
flow is clearly important for the economical scale-up produc-
tion.
 In this research work, we have investigated the use of
Fe and Fe/Mo metallic and oxide catalysts for the low tem-
perature CVD production of SWNTs from methane under low
flow.  We find that Mo exhibits a significant synergistic be-
havior in this regime and that Fe/Mo functions well at low tem-
perature (680oC), even as an oxide catalyst.
Experimental

 (Fe) or (Fe/Mo) catalysts supported on ~ 2 µm d i-
ameter Alumina (Al2O3) particles were prepared following
reference [5].  Metal salts (99.999%, Alpha AESAR), i.e.,
Fe(NO3)3·9H2O, Fe2(SO4)3· 5 H2O, and (NH4)6Mo7O24·4H2O,
were dissolved in methanol, and mixed thoroughly (1h) with
methanol suspensions of alumina (99.9% , Alpha AESAR).
The solvent was then evaporated and the resultant cake heated
to 90-100oC for 3hours, removed from the furnace and ground
in an agate mortar.  The fine powders were then calcined for 1
hour at 400-500oC and then re-ground before loading into the
CVD apparatus.  The catalyst composition was confirmed using
Energy Dispersive X-Ray (EDX) analysis in a scanning elec-
tron microscope.  The CVD growth of SWNT used in this work
was carried out in a quartz tube flow reactor (38mm inside
diameter, and 90cm long) centered in a three-zone horizontal
tube furnace.  Carefully weighed catalyst samples (30-80mg)
were placed in a quartz boat at the center of the reactor tube in
the furnace.  In some cases, a catalyst reduction step (or “acti-
vation”) was performed in situ in the CVD reactor by first
passing 100 cc/min flow of 10%H2/90%He (99.9%) at 500oC
for 10-20 h.  The reducing atmosphere was then replaced by
argon (99.99%) and the temperature was raised at ~10oC/min to
the desired growth temperature.  SWNTs were then grown by
passing a mixture of methane (40cc/min) diluted in argon (350
cc/min) over the catalyst at a temperature in the range 680-
900oC for ~ 1h.  The reactor was then allowed to cool to room
temperature with argon gas flowing.  The carbon product on the
alumina support was then weighed to determine the carbon
yield of the CVD process.  We define carbon yield here as the
fractional mass increase (mf – mo)/mo, where mf and mo are,
respectively, the final mass of the catalyst with carbon deposit
and the initial mass of the catalyst.  Of course, not all the car-

bon mass is in the form of SWNTs.  Nevertheless, the amount
of amorphous carbon detected in electron microscope images
was small, and our practical definition of the relative yield is
believed to provide a reasonable assessment of SWNT produc-
tion in these experiments.

The structure of the SWNTs was studied with trans-
mission electron microscopy (JEOL JEM l200EX) at 120 KV.
Raman Spectra were collected using a Bomem DA3+ FT Ra-
man Spectrometer using Nd:YAG laser excitation
(l=1064.5nm) at 0.4mW power.  A JY-ISA HR460 single
grating spectrometer with CCD detector with a “supernotch”
filter (Kaiser Optical) was used to collect Raman spectra with
488nm excitation from an Argon ion laser.  All spectra were
collected in air in the backscattering geometry at room tem-
perature on the alumina-supported material taken from a cool
CVD reactor.
Results and Discussion

In Fig.1 we display TEM images of SWNTs grown at
900oC in CH4 for 90 min using Fe-oxide (Fig. 1a) and Fe/Mo-
oxide (Fig. 1b) catalysts.  The compositions were: Fe:Al2O3 =
1:16 and Fe:Mo:Al2O3 = 1:0.2:16 , where the Al2O3 refers to the
alumina support, and the ratio a:b:c refers to the wt% loading
(e.g., Fe:Mo:Al2O3 = 1:0.2:16 indicates the wt. ratios Fe/Mo =
5, Al2O3/Fe = 16, etc.).  Our preliminary CVD studies on the

Fe/Mo system indicated that 20 wt% Mo (relative to Fe)
seemed to produce the maximum synergistic benefit.  All the
data on Fe/Mo catalysts presented here are for the "optimized"
(Fe/Mo:5:1) weight ratio.  The images in Fig. 1 are included to
show the typical SWNT bundle structure observed.  The dark,
particle-like structure near the top of Fig. 1a comes from the
alumina support.  For both oxide catalysts at 900 °C, we ob-
served an abundance of SWNTs.  Analysis of many TEM im-
ages of SWNTs bundles produced with Fe-oxide exhibit an
average bundle diameter of ~10 nm.  At high resolution, no
amorphous carbon could be detected on the bundle exterior.  It
is interesting to note that TEM images taken on SWNTs pro-
duced at 900 °C with the Fe/Mo oxide catalyst (Fig1b) also
showed many individual SWNT.  They exhibited an average
diameter of ~1.5 nm although large diameter individual tubes
(~3 nm) were also observed.  We did not observe the co-
production of multi-walled carbon nanotubes in any of the
samples at this temperature, or at lower temperatures.

In general, at the same CVD operating temperature,
the bi-metallic Fe/Mo catalyst (oxide or reduced) was found to
produce higher SWNT mass yields than the Fe catalyst.  The
synergism between Mo and Fe was very evident.  At 800 °C
and 680°C, Mo was required to activate the oxide catalyst for

Fig.1 TEM images of bundles of SWNTs synthesized at 900oC
(40 cc/min methane) using supported Fe (a) and Fe/Mo (b)
catalysts in oxide form: (Fe:Al2O3=1:16) and (Fe:Mo:Al2O3=1:
0.2:16 ).
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SWNT growth (Fe-oxide alone could not produce tubes).  Only
at our highest temperature (900 °C) could Fe-oxide (without
Mo) produce significant quantities of SWNTs.  Furthermore,
for the reduced Fe and Fe/Mo catalysts, the mass yields were
always higher when Mo was present in the catalyst particle.

A second series of experiments were conducted using
the same Fe and Fe/Mo-oxide catalysts.  This time, they were
first reduced under flowing 10%H2/90%He gas at 500 °C, re-
duction was found to activate the Fe catalyst at CVD growth
temperatures as low as 680 °C.  In Fig.2, we show TEM images
of SWNTs grown at 680oC with the reduced Fe (Fig.2a) and
reduced Fe/Mo (Fig.2b) catalysts.  As in Fig. 1, we can only
observe the “free” end of either an individual tube or a bundle
of tubes.  The other end is buried in the support and presumably
is terminated on a catalyst particle.  Importantly, we did not
observe any metal particles at the “free” end of the tubes, and
when individual tube ends were found, they appeared to be
closed with a hemispherical fullerenic cap.  The addition of Mo
in the reduced catalyst form seemed to produce better quality
tubes, many in long straight bundles, as shown in Fig. 2b.

In Fig. 3 we display Raman spectra (1064 nm excita-
tion) for the reaction products produced at various CVD growth
temperatures with Fe-oxide and an optimized Fe/Mo-oxide
catalyst (1:0.2:16).   The region between 350 cm-1 and 1300 cm-
1 is not shown, as no structure was evident in this region.  The
strongest peak of the high frequency tangential C-atom dis-
placement band (or T-band) of SWNTs appears at ~1591cm-1

[7].  It should be noted that changing the excitation frequency
changes the sub-population of nanotubes observed in the spec-
trum.  This follows from the observation that the Raman scat-
tering from SWNTs is a resonant scattering process [7, 8].  For
a particular excitation frequency, only a small subset of tubes in
the sample whose diameter (or symmetry (n,m) [7]) provide for
strong optical absorption at this excitation frequency can reso-
nantly scatter [8].  Therefore, the changes in the Raman spec-
trum with excitation frequency, that are most easily detected,
are observed in the low frequency region where the frequency
of the radial mode bands are strongly related to tube diameter
(ωr ~ 1/d).  From the Raman spectra displayed in Fig. 3, we can
conclude that the Fe-oxide (without Mo) produces tubes only at
900°C.  Furthermore, with Mo added to the Fe-oxide catalysts,
the spectra show clearly that SWNTs could be grown at tem-
peratures as low as 680oC, a dramatic improvement in the
catalyst performance with added Mo.   Finally, it is worth men-

tioning that the Raman T-band spectrum shows that the opti-
mized Fe/Mo-oxide catalyst is not active at 600 °C.

The SWNT radial breathing mode frequency of an
isolated SWNT has been shown theoretically to exhibit an in-
verse dependence on tube diameter d, i.e., w r ~ 1/d (isolated
tube).  Atomic displacements in this mode are all equal and
radial (it is a true breathing mode for the tube).  Typically,
these radial Raman bands appear in the low frequency range
(~100 – 300 cm-1).  For a SWNT bundle, it has been shown that
an additional constant term (12 cm-1) is needed to include the
effect of tube-tube interactions within a bundle.  In this case, ω r

=12 + 224(cm-1. nm)/d [8]. Some small differences in the
SWNT radial breathing mode region in Fig. 3 (Fe-oxide,
Fe/Mo-oxide; 1064 nm excitation; variable growth tempera-
ture) can be observed.  However, no real trends in these radial
mode bands can be detected for the oxide catalysts as a func-
tion of CVD reaction temperature.

Using the SWNT T-band intensity and bandshape as
our caliper, and consistent with the Raman spectra collected
with 1064 nm excitation (Fig.3), we find that the tubes partici-
pating in the resonant scattering with 488 nm radiation confirm
that the Fe/Mo-oxide catalyst is active down to 680oC.   In Fig.
3, the notch in the T-band at ~1575 cm-1 is seem to be deepest
at the CVD growth temperature of 800oC.  In some sense, the
depth of this notch is a measure of sample quality, as it must
deepen when the Raman linewidths decreases (tube wall disor-
der would increase these Raman linewidths; amorphous carbon
coating on the tube walls might also serve as a line broadening
mechanism).  Using this qualitative “T-band notch” criterion,

Fig.2 TEM images of bundles of SWNTs synthesized at
680oC (40 cc/min methane) using supported Fe (a) and
Fe/Mo (b) catalysts in reduced (metallic) form:
(Fe:Al2O3=1:16) (Fe:Mo:Al2O3 =1: 0.2:16 ).  The catalysts
were reduced in situ under flowing H2 at 500°C.
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Fig.3 Raman spectra for carbon materials grown at various
CVD temperatures with Fe and Fe/Mo catalysts in oxide form.
The CVD growth temperatures and catalyst composition are
indicated above each spectrum.  The T~ 300 K spectra were
collected using 1064 nm excitation with carbon still on the
alumina support.
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the 800oC CVD reaction appears to have produced the “best”
tubes.

The broad band at ~1280 cm-1 with 1064 nm excita-
tion seen in the spectra displayed in Fig’s 3 and 4 are well
known to stem from in various forms of disordered sp2 carbon
[7-9].  The band is “dispersive”, i.e., it’s position (cm-1) de-
pends on excitation frequency. The cross section for scattering
at this frequency requires disorder.  It is usually referred to as
the “disorder”-band or “D-band”.  Here, the band can be asso-
ciated with scattering from all disordered sp2 carbon in the
sample (including the SWNTs).  Consistent with our discussion
above regarding disorder and the depth of the T-band “notch”,
when the T-band notch is deep, we can also observe that the D-
band is weak, and vice versa.  It should be pointed out that the
intensity of the carbon D-band is normally suppressed using
1064 nm excitation; the spectra collected at 488 nm are, as a
consequence, more sensitive to this D-band contribution.
Conclusions

SWNTs were synthesized by CVD in methane at
very “soft” conditions, i.e., low temperature (680oC) and low
methane flow rate (40 cc/min).  Under these soft conditions,
even the reduced Fe catalyst was active.  Also under these con-
ditions (T = 680°C, 40 cc/min) the addition of 20 wt% Mo (i.e.
Fe:Mo=5:1) was sufficient to make the catalyst active in oxide
form, i.e., no activation in H2 was found necessary, even at 680
°C.  As the reduction (or activation) of the growth catalyst in
H2 represents an expensive, additional step in the CVD process,
this is an important result from the present study.  In general,
we find a synergistic benefit from the addition of 20 wt% Mo
to the Fe-catalyst. No evidence for the co-production of multi-
walled tubes was found.
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Introduction 

Carbon aerogels, synthesized for the first time by Pekala1, are 
novel mesoporous carbon materials with a low mass density, a large 
amount of mesopores, a high surface area, a high electrical 
conductivity, and other interesting properties.  

Porous structure of carbon aerogel can be modified by several 
methods.  Before preparation of aerogel, mixing ratio and 
concentration of starting materials, and a type and amount of catalyst 
are considered as important factors in sol-gel process.   Furthermore, 
introduction of metal into their structure has other possibility to 
control pore structure as well as surface property of the aerogel 
samples.  So far, loading of some types of transition metals, TiO2, Ce 

and Zr etc. have been reported mainly for catalytic applications2-4.  
Meanwhile, Cu has been pointed out as one of the candidates for 
electrochemical applications. It was indicated5 that porous carbon 
material prepared by carbonization of commercial ion-exchanged 
resin with Cu2+ ion showed very high performance for an electronic 
double-layer capacitor.  Carbon aerogel itself, actually, attracts much 
attention in this field because of its ideal pore structure.  

We attempted to obtain Cu-loaded carbon aerogel by sol-gel 
method to achieve high dispersion of the metal.  In this paper, 
structural dependences of samples upon preparation condition are 
summarized in detail.  
 
Experimental 

Preparation of Cu-loaded carbon aerogel.  1,3-
dihydroxybenzene (resorcinol) and formaldehyde was dissolved in 
distilled ion-exchange water with a molar ratio of 1:2 
([resorcinol]=2.0mol/l) in the presence of Na2CO3 as a catalyst.  
Copper nitride was then added to the solution in order to obtain gel 
samples including 0.01, 0.05, 0.1 and 0.2 wt% of Cu.  Hereinafter, 
each Cu-loaded sample is indicated as Cu-Cax-t (x: wt% of Cu, t: 
carbonized temperature if applied). After supercritical drying process, 
some of the gel samples were then carbonized at 600, 800 and 1000 
˚C.  Attempts were also made to incorporate Cu more than 0.25 wt%, 
but it only provided precipitation of Cu compounds in the solution. A 
blank sample (CA0-t), i.e., aerogel sample prepared without Cu, was 
also prepared for comparison. 

Characterization methods.  N2 adsorption isotherms of 
samples were measured at 77K by the gravimetric method to evaluate 
their pore structure.  Observation with transmission electron 
microscope (TEM) was carried out at an accelerating voltage of 
200kV.  Carbon 002 lattice image, bright field image at low 
magnification, and electron diffraction pattern of every sample were 
taken.  X-ray diffraction patterns were measured with CuKα 
radiation under 40kV-80mA condition. STAC-XRD (standardized 
analysis of coal by XRD)6,7 was applied to the peak in 2θ=10-41˚ to 
study carbon 002 peak. 

 
Results and Discussion 
          TEM observations for carbonized samples at 1000 ˚C 
demonstrated that, like the blank sample, Cu-loaded samples up to 
0.1wt% have microcellular texture in which carbon nano-particles are 
interconnected each other.  Typical TEM images of Cu-CA0.1and 
Cu-CA-1000 are shown in Fig. 1.  Carbon nano-particles 
constructing the network consist of less-crystalline,  
 
       (a) 

 
 
      (b) 

 
 
Figure 1.  Typical TEM images for  (a) CuCA0.1 (bright-field 
image) and (b) CuCA0.1-1000 (carbon 002 lattoce image). 

  
 

Table 1.  Porosity parameters of Cu-loaded carbon aerogels and 
blank sample estimated by αs-plot analysis. 

Sample atotal/m
2•g-1 amicro/m2•g-1 Vmicro/cm3•g-1 aext/m

2•g-1 

CA0-1000 702 300 0.10 402 
Cu-CA0.1-600 875 607 0.20 268 
Cu-CA0.1-800 834 496 0.16 348 
Cu-CA0.1-1000 866 633 0.20 253 
atotal: total specific surface area 
amicro: specific surface area due to micropore 
Vmicro: specific micropore volume 
aext: external specific surface area, including contribution of mesoporosity 
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Table 2.  Structural parameters evaluated by STAC-XRD 
analysis for Cu-loaded carbon aerogels and blank sample. 

Sample d002/ nm SI Nav 

CA0-1000 0.383 0.233 2.45 
Cu-CA0.1-600 0.388 0.218 2.30 
Cu-CA0.1-800 0.390 0.216 2.39 
Cu-CA0.1-1000 0.404 0.203 2.47 
 
 
isotropic microtexture, and their diameters clearly depend upon the 
amount of Cu; less than 10nm for 0.01%, 10-15nm for 0.05%, and 
15-20nm for 0.1%.  For Cu-CA0.2-1000, on the other hand, huge 
carbon spheres in 3-5 micrometer are observed.  Similar relationship 
between diameter of carbon particle and amount of metal has 
reported for Zr/Ce-loaded carbon aerogels4.  At present, we think this 
phenomenon is associated with pH conditions of solution during sol-
gel process.  Concerning Cu, presence of it in Cu-loaded samples was 
confirmed by ICP measurements. But neither Cu metal nor any other 
compounds was found by the TEM observation, which can be related 
to a fine dispersion of Cu in their structure.  In addition, there was no 
trace of catalytic graphitization in carbon texture.  It is consistent 
with a very few capability of Cu to promote the effect. 
          According to N2 adsorption measurement, texture of Cu-loaded 
samples is microporous much more than the blank sample.  It is 
further clarified by an analysis with the αs plot. Table 1 summarizes 
the porosity parameters for the carbonized samples including 0.1wt% 
Cu and the blank sample.  Compared with CA0-1000, micropore 
volume in Cu-CA0.1-1000 is almost double.  It is further noted that 
this highly developed microporosity at almost the same level was 
found for the samples heat-treated at 600 and 800 ˚C.   
          Difference of pore structure among these samples was also 
studied by XRD measurement of the samples.  Evaluation of the 
stacking structure becomes possible by STAC-XRD analysis; this 
method has established by some of the authors as a standardized 
analysis for coals and related less-crystalline carbon materials. This 
method is established to characterize stacking structure of aromatic 
layers in carbonaceous substances or carbon materials with less 
crystallinity.  The process is described in detail elsewhere6,7.  Briefly, 
it includes three steps:  
(1) As-measured XRD pattern is correlated with a polarization 

factor, an absorption factor, and an atomic scattering factor.  
Interlayer spacing, d002 is given according to the Bragg's law. 

(2) In the corrected profile, a baseline is drawn between two lowest 
points located at both sides of the 002 peak.  Stacking index, SI, is 
a parameter corresponding to the crystallinity of the samples, and 
is estimated as the 002 peak area over the baseline to the total area 
of 002. 

(3) Fourier transformation is performed for the intensity over the 
baseline to obtain a Patterson function (P(u)). The distribution of 
the number of stacking aromatic layers per stack and the average 
number of layers, Nav, are evaluated from  P(u).   

   We have already reported the numerical relationship between 
microporosity and stacking structure of aromatic layers for some 
types of microporous carbon materials.  Table 2 shows d002, SI, and 
Nav for each sample.  It is obvious that d002 for Cu-loaded samples 
is larger than the blank sample, while SI value is smaller.  It means 
that development of stacking structure in the aerogel samples are 
restrained by introducing Cu.   
 

Conclusions 
Copper-loaded carbon aerogels were prepared by sol-gel 

synthetic method in Cu(NO3)2 solution.  According to TEM 
observations, Cu-loaded samples up to 0.1wt% consists of carbon 
nano-particles with less-crystalline, isotropic microtexture. Their 
diameters become larger with higher concentration of Cu, probably 
associated with pH conditions of solution during sol-gel process.     

The αs-plot analysis of  N2 adsorption isotherms indicated that 
microporous texture was much developed in Cu-loaded samples.   
The difference of pore structure was also studied by XRD 
measurement. Followed by STAC-XRD analysis.  It is found that 
basal spacing for Cu-loaded samples is larger than the blank sample, 
while stacking index is smaller, indicating that development of 
stacking structure in the aerogel samples are restrained by 
introducing Cu into their structure.   
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Introduction 

It has been known that the performance of a lithium ion battery 
is function of various factors, such as particle size, electric 
conductivity, microstructure, and surface chemistry of the anode 
materials[1-2]. Among these factors, microstructure and surface 
chemistry of carbon anode are particularly important since these are 
directly correlated in lithiation/de-lithiation process and the 
formation of solid-electrolyte interface (SEI). Many earlier studies 
have been devoted to elucidating the microstructural effects on the 
performance of a lithium ion battery[3]. As a result, it is widely 
accepted that high crystallinity of a graphitic carbon contributes to a 
good cyclability but comparatively low charge/discharge capacity, 
and disordered structure of a non-graphitic carbon enhances the 
capacity with some deterioration of cyclability. However, for the 
effect of SEI formation, little information is available since much less 
attention has been paid to this particular issue until now.  
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So, this study aimed at elucidating the effect of microstructure 
and surface modification of PAN-based carbon materials on the 
electrochemical performance thereof, with emphasis on the variation 
of SEI formation behavior with surface modification with sulfuric 
acid. 
 
Experimental 

Materials. PAN powder, having been commercially used for 
the manufacture of acrylic fibers, was supplied by Hanil synthetics, 
Ltd., Korea. PAN contains acrylonitrile of 91.5 wt% and 
methylacrylate of 8.5 wt%. 

Preparation of carbonized PAN film. PAN powder washed 
with distilled water was dissolved in DMF with stirring at room 
temperature. After thorough dissolution, the solution was cast to a 
film on a petri dish and vacuum dried at 55˚C for 72hrs. The film 
placed between alumina plates was then heated up to 250˚C with rate 
of 5�/min under air atmosphere (1L/min) and held for 5 hrs. The 
stabilized films were finally heated up to 900 and 1100˚C (denoted 
TAN9 and TAN11), respectively, with rate of 5˚C/min under N2 
atmosphere (1L/min) and held for 1 hr, followed by cooling down to 
room temperature. 

Surface modification with sulfuric acid. To modify the 
surface of carbonized samples, TAN9 and TAN11 samples were 
treated with 95% sulfuric acid at 80˚C for 4, 7, 10 and 20 hrs, 
respectively (denoted TAN9(or 11)S(time)). After acid treatment, all 
the samples obtained were washed thoroughly with methanol and 
then vacuum dried at 70˚C over night. 

Characterizations. Elemental analysis was carried out with a 
Carlo Erba 116 Elemental Analyzer(Carlo Erba Instruments, Italy). 
Wide angle X-ray diffractograms were recorded on an MXP 18X-
MF22-SRA diffractometer (MAC/Science, Japan) using Ni-filtered 
Cu Kα radiation (λ=1.54Å). XPS (XPS, VSW, UK) with Mg Kα  X-
ray source (1253.6 eV photons, ≤10-8 bar) was used to obtain S (2p) 
core-level spectra of the samples. In order to determine the surface 

areas, pore size, pore size distribution and total pore volumes, 
nitrogen adsorption-desorption isotherms were recorded at 77K on an 
automatic adsorption instrument (ASAP 2010, Micromeritics, USA) 
in relative pressure ranging from 10-6 to 1. Prior to the measurement, 
all the samples were degassed at 250˚C under nitrogen flow for at 
least 3hrs. The amount of surface functional groups was determined 
using Boehm’s method. To measure the electrochemical performance 
of the surface modified carbons, the carbons were mixed with 3 wt% 
of acetylene black and 6 wt% of poly(vinylidene fluoride) (PVDF) 
binder to prepare an anode,  and Li metal foil was used as a counter 
electrode. The electrolyte used was 1M LiPF6 dissolved in a mixture 
of ethylene carbonate / dimethyl carbonate / ethyl methyl carbonate 
(1:1:1 volume ratio).  Polypropylene was used as a separator. 
 
Results and Discussion 

Surface Chemistry. Analyses for elements and surface 
functional groups indicated that the carbons prepared at the higher 
HTT has the less contents of non-carbon atoms such as oxygen and 
nitrogen. So, as compared with TAN11 sample, TAN9 has the higher 
non-carbon atoms and thus the higher acidic functional groups after 
sulfuric acid treatment (see Figure 1). Indeed, FTIR and XPS 
analyses for TAN9 series indicate that Ph-SO4H (sulfate) group was 
introduced by sulfuric acid treatment, evidenced by two peaks at 
1170 and 1060 cm-1 from SO2 stretching in FTIR spectra, and the 
peak at 168.40 eV arising from S2p absorption in XPS spectrum. 
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Figure 1. The amounts of acidic surface functional groups of TAN 9 
and TAN11 after sulfuric acid treatment for (a) 0 hr, (b) 4 hr, (c) 7 hr, 
(d) 10 hr, and (e) 20 hr. 
 

Microstructure. As for the microstructural changes with 
sulfuric acid treatment, XRD indicates that sulfuric acid attacks the 
carbon layers edgewise, so that the functional groups are introduced 
at the edge carbon atoms. Between TAN9 and TAN11 series, the 
more surface functional groups were found on TAN9, indicating that 
the carbon atoms in TAN11 are comparatively intact to an acid attack, 
which may suggest that less amount of oxygen containing carbons 
were in TAN11 samples. Table 1 clearly shows that micro-structural 
changes are reflected only on the value of La, suggesting the acid 
attack occurred edgewise. 
 

Table 1. Structure parameters of TAN9 and TAN11 series 
 

 d (�) Lc 
(�) 

La 
(�)  d 

(�) 
Lc 

(�) 
La 

(�) 
TAN9 3.56 27 73 TAN11 3.53 33 80 

TAN9S4 3.61 27 70 TAN11S4 3.54 33 74 
TAN9S7 3.60 28 68 TAN11S7 3.54 32 76 

TAN9S10 3.62 27 64 TAN11S10 3.55 33 73 
TAN9S20 3.62 27 60 TAN11S20 3.55 34 73 

 
The BET surface areas of the carbon materials were found 

decreased after sulfuric acid treatment from 7.3 to 5 m2/g and from 



16.1 to 13 m2/g for TAN9 and TAN11 series, respectively. Moreover, 
by acid treatment, the pore size tended to become smaller with 
concurrent collapse of pre-existing micro-pores, as shown in Figure 2. 
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Figure 2. Pore size distribution in TAN 9 and TAN11 after sulfuric 
acid treatment for (a) 0 hr, (b) 4 hr, (c) 7 hr, (d) 10 hr, and (e) 20 hr. 
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Figure 3. Relative amount of lithiation sites of TAN9 and TAN11 
series after sulfuric acid treatment for (a) 0 hr, (b) 4 hr, (c) 7 hr, (d) 
10 hr, and (e) 20 hr; Site I : La

2*Lc; Site II : BET surface area; Site 
III: [O]/[C] ratio. 
 

Electrochemical Performance. In Li ion battery, there may be 
three sites which can be lithiated by Li ion: that is, between carbon 
layers (Site I), voids or the nano-space in-between carbon crystallites 
(Site II), and surface functional groups at the carbon surfaces (Site 
III). Site I, indicative of good cyclability, has been conventionally 
recognized as a space where intercalation/deintercalation of Li ions is 
occurring, and can be characterized by the interlayer volume 
expressed as La

2*Lc.  Sites II and III that contribute to high discharge 
capacity and large irreversibility may be characterized with pore 
surface area and the amount of acidic functional groups, respectively.   

Figure 3 shows the relative amount of each site in both TAN9S 
and TAN11S series. Figure 4 clearly indicates that TAN11 exhibits 
relatively low discharge capacity but good cyclability due to the 
dominance of Site I, whereas TAN9 shows high discharge capacity 
but rather lower cyclability due to rather higher amount of Sites II 
and III. Figure 5 shows that the surface treatment tends to increase 
the discharge capacity, although the increment is much less in 
TAN11S series. In TAN9S series, the discharge capacity decreases 
with the number of cycles but that after 15 cycles is still higher than 
the one of TAN9.  

This indicates that the additional lithiation sites created by the 
introduction of acidic functional groups (Site III) contribute to 
increasing discharge capacity. In addition, Figure 6 exhibits that the 
initial irreversible capacity is linearly decreasing with increasing 
amount of Site III, which may be due to the formation of thin SEI 
around the functional groups distributed somewhat homogeneously 
along the edges of carbon layers. 

 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 

 
 

Figure 4. Electrochemical performances of (a) TAN9, (b) TAN11, 
and (c) MCMB in 1M LiPF6 in EC:DMC:EMC (1:1:1). 
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Figure 5. Electrochemical performances of (a) TAN9, (b) TAN9S4, 
(c) TAN9S7, (d) TAN9S10, (e) TAN9S20, (f) MCMB in 1M LiPF6 
in EC:DMC:EMC (1:1:1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Changes in initial irreversibility and discharge capacity 
with the amount of acidic functional groups in TAN9S series. 
 

From above-mentioned results, it is clear that the surface 
modification of carbons for anodic applications in Li-ion batteries 
can contribute to some extent to improving discharge capacity and 
reducing initial irreversibility. 
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EFFECTS OF LIGNITE CATION CONTENT ON THE 
PERFORMANCE OF ACTIVATED CARBON 

PRODUCTS 

In the exchanged (low-Na, low-Ca coal, 2.9 wt% ash), Na is still 
present in many of the phases, but at a considerably lower amount. 
Some pits observed in the SEM that do not show up on either the 
feed coal or the high-Ca coal are interpreted as areas where Na-
containing mineral phases were removed from the coal. Ca is 
decreased and mostly in a calcite phase. For the Ca-exchanged coal, 
increased amounts of Ca are in the clay, but most Ca is concentrated 
in a CaCO3 or calcium oxide (hydroxide) phase. Most importantly, 
no calcium is distributed over the organic carbon phase of the coal. 
This distribution was unexpected, since it has generally been 
assumed that the calcium acetate exchange method is effective for 
adding calcium to coal organic phases. 
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Introduction 

New federal drinking water regulations have been promulgated 
to restrict the levels of disinfection by-products (DBPs) in finished 
public water supplies. DBPs are suspected carcinogens and are 
formed when organic material is partially oxidized by disinfectants 
commonly used in water treatment. Many small water systems are 
currently using powdered activated carbon (PAC) for taste and odor 
control and have the potential to remove naturally occurring organic 
matter (NOM) from raw waters prior to disinfection, thus controlling 
the formation of regulated DBPs. Earlier studies at the Energy & 
Environmental Research Center (EERC) showed that a PAC 
prepared from North Dakota lignite was highly effective for removal 
of humate. We hypothesize that the sodium and calcium content of 
the coal plays a significant role in the development of pore structures 
and pore-size distribution, ultimately producing activated carbon 
products that have greater sorption capacity for specific 
contaminants, depending on molecular size. This paper reports the 
effects of organically and mineralogically associated sodium and 
calcium content on pore structure and sorption capacity of activated 
carbon products from North Dakota lignites. 

Activated Carbon Characterization. The BET-specific surface 
areas of the carbons were low (Table 1), as were the total pore 
volumes. Because of the long equilibration times observed, the pore 
dimensions may be as small as 0.35 nm. A sample of the high-
sodium, low-calcium carbon was not washed with water after 
preparation as were the other three samples analyzed. The identical 
results for this carbon indicate that sodium minerals do not block the 
micropores. Whether they block macropores is unknown, but they are 
easily removed in contact with water and will not cause a problem in 
surface water treatment which is normally conducted at basic pH 
anyway. 
 

Table 1. Activated Carbon Surface Area and Porosity Data 
 

Carbon-Metal Content 

BET Surface 
Area, 
m2/g 

Pore 
Volume, 

cm3/g 

Avg. Pore 
Width, 

nm 
High Sodium (feed) 
 

245 0.14 1.2 

High Calcium, Low 
   Sodium 

370 0.20 1.1 

Low Sodium, Low 
   Calcium 

349 0.17 1.0 

High Sodium, Low 
   Calcium, unwashed 

250 0.15 1.2 

 
Experimental 

A moderately high-sodium lignite (7.2% sodium oxide in ash) 
was obtained from the Dakota Gasification Company. The coal was 
ground and sieved and 8 × 20-mesh particles collected. A sample was 
ion-exchanged with ammonium acetate and mildly heated to produce 
a low-sodium, low-calcium coal. A portion of that sample was ion-
exchanged with calcium acetate to produce the high-calcium sample. 
The three samples were dried and submitted for surface area and 
computer-controlled scanning electron microscopy (CCSEM), which 
is an automated technique that finds, sizes, and determines individual 
particle chemistry (mineral content and associations) for thousands of 
particles per sample. 

 
A greater carbon burnout is expected for the more reactive 

sodium-containing coal during carbonization. The lower-BET surface 
area and pore volume for the high-sodium, low-calcium carbon is 
consistent with a smaller total number of micropores, which can be 
attributed to a greater loss of carbon in the burnout. The concomitant 
increase in macropores resulting from this burnout does not show up 
in the distribution data, since there is a relatively low area associated 
with these pores. The remaining micropores in the high-sodium, low-
calcium carbon are then roughly similar in size to those resulting 
from carbonization of the other coals. But the average pore width as 
calculated using a slit model (w = 2V/S) is slightly larger for the 
high-sodium, low-calcium carbon. 

Each sample was carbonized at 400ΕC in a nitrogen atmosphere 
for 30 minutes, followed by activation with steam at 750ΕC for 30 
minutes. These conditions produce high-sodium activated carbons 
with high sorption capacity, but may not be optimal for the 
preparation of high-calcium or even low-sodium, low-calcium 
carbons. The low-sodium, low-calcium sample produced the highest 
yields and the high-sodium samples the lowest. Multiple-point 
surface area determination and porosity analyses were performed by 
PACS, Coraopolis, Pennsylvania. 

SEM photographs of the activated carbons prepared from the 
raw and exchanged coals were also analyzed, along with the 
corresponding microprobe data. The carbon resulting from activation 
of the raw high-sodium coal exhibited some areas with cracks that 
reveal a complex interior composed of micron-size features. Probe 
analysis of the grey carbon areas showed that a significant amount of 
sodium was associated with these carbon phases as well as the 
mineral phases (as sodium calcium silicates, sodium calcium 
aluminosilicates, and sodium calcium sulfates). Thus the sodium was 
not lost from the organic structure during the charring and 
carbonization process and was available for catalysis of reactions of 
the steam with the carbon during activation. 

 
Results and Discussion 

Coal Sample Characterization. The mineral weight percent of 
the original high-sodium feed coal was calculated by the CCSEM 
process to be approximately 5.2 wt% on a coal basis. The dominant 
mineral phases were pyrite (FeS), calcite (CaCO3), quartz (SiO2), and 
several clay minerals (primarily aluminosilicates). Sodium and 
calcium were detected in many of the mineral phases at each of the 
three size classifications. In the larger particles (22 to 100 µm), Na 
was most commonly associated with aluminosilicate clay and 
CaCO3. 

SEM photographs of the activated carbon from the calcium-
exchanged coal showed a series of parallel micron-sized slits 
resulting from cleavage of the carbon particles. Inside the slits were 
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rough-looking submicron features. Probe analysis of the particles 
showed that the grey carbon phases contained no calcium. Only the 
white mineral phases contained calcium, as silicates, 
aluminosilicates, sulfates, and oxide. This finding is consistent with 
the composition of the original calcium-exchanged coal, which 
contained calcium only in the mineral phases. Thus since the calcium 
does not appear to be located close to the carbon structure, it would 
not be available for catalysis during activation. SEM photographs of 
the low-Ca, low-Na carbon prepared from the exchanged coal sample 
indicated that there was little difference in the particles from this and 
the calcium-exchanged carbon. 

Adsorption Isotherms. To determine the adsorption capacities 
of the prepared carbons for PAC treatment of a surface water supply 
containing large amounts of peat-derived humate, such as the Red 
Lake River, the set of carbons was tested for adsorption of a standard 
humate solution prepared from a commercial (Aldrich) coal-derived 
(leonardite) humate. Initially for analysis of the adsorption data, log 
x/m was plotted versus log c to determine the fit to the Freundlich 
equation. The carbons exhibited similar nonlinear Freundlich 
isotherms. The log–log plots from this set of carbons are 
characterized by a very steep slope at low carbon amounts (high 
x/m), and a lower slope at moderate-to-high carbon amounts. Earlier 
adsorption studies with similar lignite-derived carbons and humate 
solutions also gave nonlinear plots, and in fact, the slopes and 
intercepts depended significantly on the starting concentration of 
humate in the experiments. This is indicative of complex selectivity 
factors involving adsorption of different portions of the polydisperse 
humate electrolyte. It appears that a large amount of some 
component is adsorbed, and then the majority of the humate is 
adsorbed less effectively. Humate molecules differ greatly in size, 
shape, and polarity, and each of these factors depends on the pH and 
ionic strength in the solution. Only a small portion of the humate 
molecules are expected to bind in micropores; the rest are too large. 

To adjust for this complex behavior, the equilibrium 
concentrations in each experiment were normalized by dividing the 
unadsorbed humate amount (in mg) by the amount of sorbent (in g) 
added (1). The logs of these normalized concentrations (c/m) were 
then plotted versus the logs of the x/m values for each experiment. 
The improved linearity of the plot shows that the data fit this 
normalized model approach much better than the conventional 
Freundlich model. The resulting slope (n = 0.27) for the high-sodium 
carbon is, in fact, not too much different from that obtained in the 
literature for Calgon F400 activated carbon adsorbent with a humate 
substrate (1). A different humate was used, so the results cannot be 
compared exactly. The intercept for the high-sodium carbon isotherm 
is much larger (K = 1.2) than that obtained using the F400 carbon 
(K = 0.8). This is significant because it indicates that the carbon will 
be more effective in reducing the concentration of the humate at a 
given carbon dosage. 

The normalized isotherm for the high-calcium carbon was 
plotted using the log c/m values. Although a higher slope (n = 0.36) 
was obtained for the plot of the high-calcium carbon, the intercept 
was quite low (0.65). Thus the high-calcium carbon is relatively poor 
at sorbing humate over most of the carbon dosages. The low-sodium, 
low-calcium carbon gave a similar slope (n = 0.29), and the intercept 
is low (K = 0.85), indicating the poorer sorption of humate by this 
carbon compared with the high-sodium carbon. 

To predict the behavior of these prepared activated carbons for 
PAC applications in treating wastewater or hydrocarbon-
contaminated water, the isotherms were determined for the 
adsorption of toluene by the set of carbons. These isotherms were 
also characterized as having a steeper slope at very low carbon 
loadings. The normalized isotherm slopes were reversed in order 

from that observed for the macromolecular humates, consistent with 
the low surface area of the high sodium carbon. 
 
CONCLUSIONS 

The lowest-BET area was obtained for the high-sodium carbon, 
which can be attributed to enlargement of micropores as a result of 
sodium-catalyzed gasification reaction of the carbon structure. This 
hypothesis is consistent with the SEM microprobe analyses, which 
show that in both the coal and the activated carbon from this coal, the 
sodium is distributed over both the carbon structure and the mineral 
particles. Thus it is initially associated with carboxylate groups on 
the coal and then as sodium oxide or another active form in close 
proximity to the carbon and readily available for catalysis of 
gasification. In the exchanged coals, the sodium and other cations are 
mostly removed from the carbon structure of the coal, but addition of 
calcium did not effectively introduce calcium into the carbon 
structure. This was indicated by the SEM microprobe studies. Thus 
there was little catalysis of gasification during steam activation, and 
the mild activation conditions that were used did not effectively 
generate a large micropore volume. 

The adsorption activities were determined for the three activated 
carbons using tests that would represent their use as potential PAC 
treatment agents for high-NOM surface water, such as that in 
northern Minnesota which drains from peat deposits. The intercept of 
the modified Freundlich plot representing the K value for the high-
sodium carbon was much larger than that of the commercial Calgon 
F400 carbon as well as that of the high-calcium and the low-sodium, 
low-calcium carbon prepared in this work. Thus the high-sodium 
carbon will be considerably more effective in reducing the humate 
concentration for a given carbon dosage. The slopes of the 
normalized Freundlich plots for the various carbons including the 
Calgon F400 were similar. These results are consistent with the 
hypothesis that only the larger pores are effective for binding the 
large humate molecules and that the larger pores developed during 
activation of the high-sodium char give the appropriate macropore 
structure for humate binding. 

Toluene isotherms were also performed for the set of carbons. 
These indicated that the high-calcium carbon and the low-calcium, 
low-sodium carbon were superior to the high-sodium carbon, but not 
as effective as a Calgon F400. This is consistent with the low-BET 
surface areas observed for the lignite-derived carbons, and thus there 
are a lower number of sites for binding the smaller toluene molecule 
in these carbons. 
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Introduction 

In 1991, Iijima in Japan discovered carbon nanotubes, which are 
now known to exist in closed-ended multiple-walled and single-
walled arrangements1.  The multi-walled nanotube2 (MWNT) is an 
arrangement of concentric cylinders of carbon atoms with an outer 
diameter ranging from 5-30 nm, length ranging from 10’s of nm to 
10’s of µm, and intertube distance of approximately 0.34 nm.  
MWNTs can be envisioned as layers of graphene sheets rolled 
together to form concentric cylinders (Figure 1).  Single-walled 
nanotubes (SWNTs), on the other hand, are cylindrical carbon 
structures in which each carbon cylinder stands alone (Figure 2).  
Typically, the diameter of SWNTs ranges from 1.2-1.4 nm and the 
length ranges from 10’s of nm to 10’s of µm3.  The tips of nanotubes, 
both SWNTs and MWNTs, are commonly found closed. 
 
Synthesis 

Three major processes are currently used to synthesize carbon 
nanotubes: electric arc-discharge, laser ablation, and chemical vapor 
deposition (CVD).  In the electric arc-discharge method, large 
currents are passed through two opposing graphite electrodes in an 
inert atmosphere such as helium.  During the arc-discharge, carbon 
atoms evaporate from the anode (3000 oC) and grow (Figure 3) on 
the cathode in the form of nanotubes2.  The yield of carbon deposit, 
which generally contains MWNTs, depends on the experimental 
conditions such as the arcing current, and pressure and type of gas in 
which the electric arc is generated.  Typically, this process can yield 
gram-sized quantities of MWNTs with lengths on the order of ten 
microns and diameters in the range of 10’s of nm.  For growing 
SWNTs, graphite electrodes usually are impregnated with metal 
catalysts such as Co, Cu, and Fe4.  

The laser ablation process, which is similar to the electric arc-
discharge method, uses an intense laser pulse to ablate a carbon target 
containing 0.5 atomic percent of Ni and Co.  The target is heated in a 
furnace at 1200 oC.  An inert gas flow is maintained to carry the 
grown nanotubes to the colder part of the reactor chamber where they 
are collected.  This process mainly produces ropes of SWNTs in 
which tens of nanotubes are closely packed in a triangular lattice.  
The yield of nanotubes obtained by this process can be optimized to 
gram-sized levels3.  

The chemical vapor deposition (CVD) method involves thermal 
decomposition of hydrocarbons (usually CH4) at temperatures 
ranging from 500 to 1000 oC in the presence of a catalyst containing 
transition metals such as Fe and Mo.  This process, which is more 
energy efficient than the electric arc-discharge and laser ablation 
methods, is ideal for synthesizing well-defined structures of 
nanotubes5.  The yield and structure of nanotubes are affected by the 
type, purity, and porosity of the catalyst.  It has been shown that the 

methane CVD process can be used to obtain approximately 200% 
yields (2 grams of SWNTs per gram of catalyst) of high quality 
nanotubes6.  The methane CVD process shows promises for large-
scale production of defect-free carbon nanotubes.  

The carbon nanotubes produced by these processes typically are 
closed-ended and associated with other carbonaceous species such as 
nanoparticles, fullerenes, and catalyst particles.  Carbon nanotubes 
can be treated by acid leaching techniques (purification), which 
dissolve the graphitic and catalyst particles, to yield high purity 
materials7.  In addition, heat treatment in air (<400 oC) followed by 
acid treatment opens the ends of carbon nanotubes8.  

Carbon nanotubes possess some peculiar properties.  They can 
be metallic or semiconducting, depending on the diameter and 
helicity of the nanotube and presence of structural defects on the 
carbon nanotube surface9.  Metallic SWNTs that are several microns 
long exhibit two-terminal resistances on the order of 10 to 100 kilo-
ohms.  Semiconducting SWNTs of similar configuration have 
electrical resistance ranging from 100 kilo-ohms to several mega-
ohms.  Carbon nanotubes also possess intriguing elastic properties.  
The average value of the Young’s modulus (elastic modulus) of 
SWNTs is several times larger than that of diamond10, making them 
the strongest known structures.   
 
Energy and Environmental Applications 

Sorbent-based processes for gas storage, separation, and 
purification have been the subjects of many industrial research and 
development studies during the past 50 years.  This field recently has 
expanded to explore the potential use of carbon nanotubes for energy 
and environmental applications.     
 
Hydrogen Storage. The potential use of carbon nanotubes in H2 
storage is receiving considerable interest worldwide because  
materials that can store large amounts of hydrogen under practical 
conditions are desirable for emerging fuel-cell-powered vehicles.  
SWNTs were shown to have the potential of storing up to 4.2 wt % of 
H2 at room temperature and at a pressure of about 10 megapascals6.  
Reducing the pressure to 1 atm released over 78% of the gas 
adsorbed, indicating reversibility of operation. Adsorption capacities 
as high as 8 wt% at room temperature and moderate pressures have 
been reported for SWNTs11.  Other researchers, however, dispute 
these results11.    

According to one study, SWNTs have larger capacity for H2 
storage than MWNTs12.  It was revealed that H2 storage capacity 
increases linearly with diameter of the tube for SWNTs, whereas it is 
independent of diameter for MWNTs. Additionally, this study 
concluded that H2 was adsorbed on sites located on both outside and 
inside surfaces (walls) of SWNTs, and in the empty spaces inside the 
SWNTs.  In contrast, only the outside surfaces of concentric shells of 
MWNTs adsorbed H2.  

A recent study concluded that adsorption sites for well-aligned 
bundles of MWNTs are on the outside surfaces and in the interstitial 
channels between closely packed carbon nanotubes13.  The adsorption 
data indicated that well-aligned bundles of MWNTs were capable of 
storing up to 3.5 wt % H2, about seven times larger than the amount 
observed for randomly oriented MWNTs.  
 
Environmental Applications. Research studies in this field have 
primarily focused on the use of carbon nanotubes in two categories: 
as novel sorbents for gas and vapor, and as novel materials for 
development of gas sensors.  

The first environmental study evaluated adsorption of trace 
concentrations (ppb level) of dioxins present in air on MWNTs14.  
MWNTs prepared by the methane CVD method were subjected to a 
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purification process that involved HNO3 leaching and air treatment at 
400 oC.  The MWNTs had a N2-BET surface area of 155 m2/g and 
contained pores ranging from 2.5 to 30 nm.  Dioxin adsorption was 
studied using the temperature-programmed desorption (TPD) 
method.  The data were analyzed using the Langmuir adsorption 
model.  It was concluded that in low-concentration regimes, MWNTs 
had 1034 greater capacity for adsorption of dioxins than a commercial 
activated carbon tested under comparable experimental conditions.  

The second study involved adsorption of NO, SO2 and CO2 on 
MWNTs15.  N2-BET surface area and pore volume of the MWNTs 
were 462 m2/g and 0.42 cm3/gm, respectively.  MWNTs had a high 
adsorption capacity for NO, a moderate capacity for SO2, and a low 
capacity for CO2.  It was revealed that MWNTs had 36 times greater 
NO adsorption capacity than FeOOH-impregnated activated carbon 
fiber, which is one of the best-known adsorbents for NO.  FTIR 
examination revealed the presence of NO, NO2 and N2O4 species on 
the carbon nanotubes that were exposed to NO.  Further, it was 
shown that NOx desorption was reversible at temperatures below 300 
oC.  

Electrical transport properties of carbon nanotubes are very 
sensitive to surface modifications, such as local structural defects, 
and the presence of adsorbed species on the surface.  These properties 
make carbon nanotubes ideal materials for developing gas sensors.  
The possibility of using an individual SWNT to develop molecular 
level sensors for gases such as NO2 and NH3 was recently reported16 .  
Experiments conducted using semiconducting SWNTs (S-SWNT) 
showed that exposing an individual S-SWNT to 200 ppmv of NO2 
sharply reduced the electrical resistance by three orders of magnitude 
in less than 10 seconds.  Similar experiments conducted for NH3 
indicated an opposite trend in electrical resistance of S-SWNT.  
Exposing an individual S-SWNT to 1% of NH3 increased electrical 
resistance by two orders of magnitude in less than two minutes.  It 
was postulated that unlike conventional NO2 and NH3 sensors, which 
operate only at temperatures above 250 oC, sensors based on carbon 
nanotubes could operate at ambient temperatures and offer several 
advantages including reversibility, higher sensitivity, and faster 
response time.  

Another study recently explored the possibility of using 
MWNTs as an active sensing element for capacitive- and resistance-
based sensors for detection of water vapor, NH3, CO and CO2

17.  
MWNT-based sensors were very sensitive to water vapor and NH3 
adsorption.  Adsorption of water vapor was reversible and that of the 
NH3 was not reversible.    
 
Adsorption of Other Gases. The potential use of nanotubes for 
environmental applications has only recently been explored.  Studies 
using carbon nanotubes for adsorbing various other gases, such as N2, 
O2, and CH4, have revealed many other aspects of gas adsorption on 
these materials.  In these studies, experimental and computer 
simulation techniques were employed to explore the microporous 
structures of carbon nanotubes and to show the effects of the 
structure, configuration, and availability of inside and outside 
surfaces of carbon nanotubes on gas adsorption.  Adsorption 
experiments using N2 and O2 showed that heat treatment in air at 350 
oC opened the ends of carbon nanotubes and resulted in over two 
times increase in adsorption capacity8.  The study hypothesized that 
adsorption took place on the outside surface of closed-ended 
nanotubes.  However, when the ends were open gas molecules were 
adsorbed on the outside surface of the carbon nanotube only after the 
inside surface was saturated.  

 One study focused on the effects of purification and activation 
of carbon nanotubes on CH4 adsorption mechanisms and wetting 
behavior of the adsorbed films18.  This study concluded that capillary 

condensation occurred inside the open-ended carbon nanotubes.  This 
phenomenon was not observed for closed-ended nanotubes.  
Capillary condensation and wetting behavior are important factors for 
evaluating the use of carbon nanotubes for making nanowires, which 
can be prepared by filling internal cavities of carbon nanotubes with 
other materials such as lead19.  

Another study showed the effect of various acid leaching 
techniques for preparing pure SWNTs20.  SWNTs treated with HCl 
had higher N2 adsorption capacity than untreated SWNTs or HNO3-
treated SWNTs.  The researchers hypothesized that after the acid 
treatment the surfaces of carbon nanotubes contained various 
functional groups, which affected the adsorption capacity.  

Aside from the structure and orientation of nanotubes, another 
important factor affecting the gas adsorption performance is the 
actual weight percentage (purity) of nanotubes in a sample.  
Preliminary experiments conducted by the authors of this paper 
suggest that N2-BET surface areas of carbon nanotubes containing 5 
to 95 wt % of randomly oriented MWNT varied from 12 to 43 m2/g, 
respectively.  Surface areas of the samples containing 5 to 95 wt % of 
randomly oriented SWNTs varied from 86 to 460 m2/g, respectively.  
These values present only the external surface areas of the carbon 
nanotubes because the samples were not subjected to any treatment 
for opening the ends of the carbon nanotubes.  Interestingly, the 
surface area of the sample containing only 5% pure SWNTs was 
larger than that of the sample containing 95% MWNTs.  This 
indicates that either MWNTs do not provide high surface area and/or 
the presence of carbon nanoparticles (soot) in the SWNTs contributed 
to the large surface area observed for this sample.  
 
Future Trends 

The remarkable physical and electronic properties of carbon 
nanotubes make these materials excellent candidates for a wide range 
of applications.  Carbon nanotubes are excellent electron emitters and 
are currently used to manufacture cathode ray lighting elements21 and 
flat panel displays22.  Carbon nanotubes are also being considered for 
energy production and storage e.g., development of nanotube 
microelectrodes23, high-energy batteries24, and H2 storage at room 
temperature6.  Applications based on the mechanical properties of 
nanotubes include development of MWNT reinforced composites25, 
high sensitivity microbalances26 and tweezers for nanoscale 
manipulations27.  General applications of carbon nanotubes include 
development of nano electronic components28, use of a single 
MWNT attached to the end of a scanning probe microscope for high 
resolution imaging29, and development of one-dimensional nano-wire 
by filling channels of MWNTs with lead19.  

To date only limited progress has been made in determining the 
energy and environmental applications of carbon nanotubes.  
However, because of their unusual structures and properties, it is 
likely that research to develop carbon nanotube-based technologies 
for industrial applications in the energy and environmental fields will 
continue during the next decade. 
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                        Figure 1.   Multiwall carbon nanotubes1. 
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EXPERIMENTAL HYDROGEN STORAGE IN CARBON NANOMATERIALS AT 
LOW TEMPERATURE The SWNTs materials (arc-discharge derived: Ni-Y cata-

lyzed) were obtained from Carbolex.  This raw material was proc-
essed to remove amorphous and multi-shell carbon and residual 
catalyst. To accomplish this, the materials were first subjected to a 
high temperature oxidation under flow of dry air, then refluxed 
with mild mineral acid (HCl) in order to remove the exposed cata-
lyst particles.  The details of the purification is described else-
where[10]. These samples were characterized by TEM, TPO, Ra-
man scattering and N2 adsorption isotherms.  Transmission electron 
micrographs were observed on a JEOL JEM 1200EX microscope 
with electron beam energy of 120 kV.  Raman spectra of the 
SWNTs samples were recorded in the Brewster-angle back scatter-
ing geometry for the following laser excitation lines: argon 514 nm 
(2.41 eV); krypton 647 nm (1.92 eV) and Nd:YAG 1064 nm (1.17 
eV).  Temperature programmed oxidation (TPO) of the samples 
were carried in gravimetric analyzer IGA-003 (Hiden Analytical 
Instruments).  N2 adsorption isotherms were measured at 77K using 
gravimetric analyzer IGA-003 (Hiden Analytical Instruments), 
prior to the adsorption, the sample was degassed under high vac-
uum (10-7 torr) at 500 K for overnight.  The specific surface area 
and pores size were calculated by using BET and DR equations.  
Hydrogen uptake/storage measurements also carried out by using 
the same gravimetric sorption analyzer at 77K, which operate from 
UHV to 20 bar pressure range.  An ultra high purity H2 was used 
for the hydrogen uptake study using a oxygen/moisture trap on the 
delivery line.  Prior to the hydrogen adsorption, the sample was 
degassed under high vacuum (10-8 torr) at 500-1223K for 12 h.  
Equilibrium at any pressure was achieved in less than 20 min, for 
each pressure point the time limit was set to be 30 min. In order to 
measure isosteric heat, we also measured hydrogen isotherm at 87 
K. Most of the experiments were replicated to determine the repro-
ducibility of the adsorption and desorption isotherms 
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ABSTRACT 

We report (6 wt %) storage of H2 at T=77 K in processed 
bundles of single-walled carbon nanotubes at P=2 atmospheres.  
The hydrogen storage isotherms are completely reversible. D2 iso-
therms confirm this anomalous low-pressure adsorption and further 
reveal the effects of quantum mechanical zero point motion.  We 
propose that our post-synthesis treatment of the sample not only 
improves access for hydrogen to the central pores within individual 
nanotubes, but also may create a roughened tube surface with an 
enhanced binding energy for hydrogen.  Such an enhancement is 
needed to understand the strong adsorption at low pressure.  We 
obtain an experimental isosteric heat qst=125 ± 5 meV for proc-
essed SWNT materials. We also studied H2 adsorption in SWNTs 
produced by the High Pressure Carbonyl (HiPCo) process. We 
found up to ~2.5 wt% H2 adsorbed on purified HIPCo material at 
77K. The experimental isosteric heat for hydrogen storage in this 
material was found to be 76 ± 5 meV. High surface area activated 
carbon (SSA~ 1500 to 3200 m2/g) were found to exhibit a reasona-
bly high hydrogen sorption values (~4 to 5 wt %) at 77 K and pres-
sure 16 bar. 

INTRODUCTION 

The ever-growing demand for energy, mediated by the 
1990 Clean Air Act and 1992 Energy Policy Act in the United 
States has pointed out the need for the developments of cleaner 
fuels and more efficient engines [1].  Because of a limited supply 
and adverse environmental problems, fossil fuels must be replaced 
with pollution-free fuels derived from renewable resources.  For 
these reason, Hydrogen is an ideal candidate providing more en-
ergy than fossil fuel on a weight basis.  Hydrogen storage in a light 
weight carbon material would therefore be particularly attractive.  
The physical adsorption of gases within the micropores (diameter < 
nm) of carbon materials has been actively studied for more than 50 
years [2].  Many such carbon materials have been developed with 
very high experimental specific surface areas of As ~ 1000 to 3000 
m2/g [3].  These materials tend to be disordered, with convoluted 
surfaces and predominately sp2 C-C bonding.  Despite these im-
pressively large surface areas, these materials have not shown 
promise for hydrogen storage [2,3].  Recently reports of very high, 
reversible adsorption of molecular hydrogen in nano-carbon mate-
rials, i.e., pure carbon nanotubes, alkali-doped graphites, and pure 
and alkali-doped graphite nanofibers (GNFs) have generated tre-
mendous interest in the research community, stimulating much 
experimental works and many theoretical studies worldwide[4-9]. 
In this study, we show that the wt% hydrogen adsorption depends 
on the post-synthesis treatment of the materials. SWNTs were care-
fully characterized with HRTEM, Raman scattering, N2 adsorption 
isotherms. 

RESULTS AND DISCUSSION 

In Fig. 1a-d, we display high-resolution transmission elec-
tron microscopy (HRTEM) images for a sample of SWNT as-
received (1a), and at successive processing steps (1b-d). For the as-
received material, HRTEM images show primarily bundles of 
nanotubes and carbon-coated Ni-Y catalyst particles.  To remove 
undesirable amorphous carbon that coats the SWNT bundles, we 
first selectively oxidized the amorphous carbon at T~350 °C in 
flowing dry air for 30 minutes.  This oxidation also weakens the 
ordered sp2 carbon coating passivating most of the metal catalyst 
particles in the soot, so that to 75 % to 90 % of the metal can be 
removed via a reflux in a mild mineral acid, i.e., 4.0 M HCl at 
T=130 °C for 18 h.  On the basis of Raman scattering spectra and 
HRTEM images, it appears that HCl does not react with SWNT, 
but that HNO3 does. This is important because the storage perform-
ance of the carbon sample is based on wt% uptake of hydrogen.  
Since our hydrogen storage experiments are conducted at room 
temperature and below, any metal in the sample can only decrease 
the wt% storage, as the metal cannot store (as hydride) at these 
temperatures. 
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A typical HRTEM image after a selective oxidation/HCl 
treatment (Fig. 1b) shows significant reduction in the catalyst resi-
due (Ni-Y) content (to ~1.5 at % metal).  The amorphous carbon 
that coats the bundle exterior has also been largely removed.  A 
second sample was selectively oxidized, and then exposed to a 
considerably more aggressive oxidation in refluxing 2.6 M HNO3 
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at T=130 °C for 28 h.  Although HNO3 reflux removed almost all 
of the residual catalyst from the SWNT materials (i.e., less than 0.2 
at % metal remained), significant damage to the tube wall (holes) 
can be seen in the HRTEM image (Fig. 1c).  This extensive wall 
damage can be largely reversed by heating the material to 1000 °C 
in a high vacuum (P ~ 10-8 Torr) (Fig. 1d), as was reported earlier 
[14].  The apparent damage in our sample is considerably higher 
than reported previously.  We also examined samples for H2 stor-
age that had received this HNO3 reflux, and that were then vacuum 
annealed at low T (~300 °C, 12 hrs) or high T (1000 °C: 20hrs).  
Most of the functional groups attached to the tube ends and at wall 
defects, are expected to be desorbed in this 1000 °C vacuum treat-
ment [14].  During 1000 °C anneals in our TGA apparatus, we 
observed sample weight losses in the range 5-45%, depending on 
the sample and its chemical treatment.  
 Figure 2 a-d also show Raman scattering spectra of these 
four sets of sample, taken at room temperature in the range 100 to 
1700 cm-1.  Raman scattering is a sensitive probe of the structure 
and bonding in carbon materials, particularly, carbon nanotubes 
[12-13].  The spectra were excited with 1064 nm (Nd:Yag) laser 
radiation, which excites only the semi-conducting tubes via  reso-
nant Raman scattering [12].  The dominant spectral features in-
clude the low frequency radial breathing modes in the range ~150 
to 200 cm-1 and the higher frequency tangential displacement 
modes in the range 1500 to 1600 cm-1 (Fig. 1a).  The Raman-active 
radial breathing mode is the clear spectroscopic signature of the 
cylindrical seamless SWNT, and the diameter dependence of the 
mode frequency for tubes in the range 1.0 <d<1.4 nm is known to 
be approximately ωR= (224 cm-1. nm)/d(nm) ± ∆ , where ∆ ~12 cm-1 

corrects for the tube-tube interaction within a bundle [12].  The 
radial mode frequency and line-width are particularly sensitive to 
C-atom disorder  
in the tube wall, and also to changes in the tube “bundling” brought 
about by post-synthesis treatment.  
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 Fig. 1a-d. Transmission electron microscopy images of bundles of arc-
derived carbon nanotubes at various stages of post synthesis processing: 
(a) as-received, (b) after selective oxidation/mild HCl reflux, (c) after 
selective oxidation followed by aggressive HNO3 reflux, and (d) after 
step (c) followed by a heat treatment at 1000 °C in vacuum. Scale bar for 
(a) and (b) is 20 nm and for (c) and (d) is 10 nm. 

Fig. 2a-d.  Room temperature Raman spectra of bundles of arc-
derived carbon nanotubes at various stages of post synthesis 
processing: (a) as-received, (b) after selective oxidation/mild 
HCl reflux, (c) after selective oxidation followed by aggressive 
HNO3 reflux, and (d) after step (c) followed by a heat treatment 
at 1000 °C in vacuum.  The Raman spectra were taken using 
1064 nm excitation

 
 
The spectrum shown in Fig. 2a is typical of arc-derived material 
using a Ni-Y catalyst.  In the as-delivered material the broad band 
centered near ~ 1300 cm-1 is weak relative to the band at ~ 1600 
cm-1 (Fig.2a).  This band (at 1350 cm-1), commonly called the D-
band, has been observed in many sp2-bonded carbon materials and 
is associated with disorder(D) in the hexagonal carbon network.  In 
the case of a multi-carbon phase SWNT material, the D-band could 
be identified either with amorphous sp2 carbon present in nanopar-
ticles, or in a thin coating on the nanotube bundle exterior.  How-
ever, a D-band can also arise from disorder within the hexagonal 
carbon network of the nanotube wall itself. The fact that spectrum 
(a) has a weak D-band indicates that the sample contains a small 
amount of amorphous carbon and that the nanotube walls have a 
low number of defects.  Chemical processing (particularly, in case 
of HNO3), as shown below, was found to have a dramatic effect on 
the disorder in the system as seen via the D-band whose intensity 
correlates with the degree of disorder in the sp2 network.  Compar-
ing the spectrum of Fig. 2a to that of Fig. 2b, we see that selective 
oxidation (Table 1), followed by HCl reflux, has no significant 
effect on the Raman spectrum of the as-prepared material. This was 
verified by a careful Lorentzian lineshape analysis, by comparison, 
for the full width at half maximum (FWHM) of the T Raman 
bands. No change in the FWHM following selective oxidation and 
HCl reflux was observed.  

a
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However, refluxing in the much more aggressive HNO3 
for 28 hrs alters the Raman spectrum dramatically (Fig. 2c): the D-
band at ~1350 cm-1 is much stronger; the tangential band (or G 
band) broadens significantly; and the radial band broadens to the 
point of near invisibility.  The HNO3 reflux has clearly damaged 
the SWNT, consistent with the TEM images.  However, after this 
treatment we heat the sample in situ under vacuum to ~250 °C.  
This temperature should be sufficient to remove any residual 
HNO3 as NOx, so the intercalation compound has been essentially 
destroyed.  The functionalization of the tube wall has occurred and 
does give rise to increased Raman line widths and to an increase in 
the D band intensity.  This is the case because these functional 
groups do in fact induced disorder on the tube wall.  However, it is 
important to consider the likely wall sites where these functional 
groups would attach themselves.  These sites are at near missing C-
atom sites in the tube walls, i.e., on the edges of holes in the tube 
wall.  The disappearance of the radial band can be caused by the 
disorder in the tube wall via functional groups at the damage sites 
caused by the acid treatment.  This explanation is associated with a 
softening and broadening of the Raman-active radial mode antici-
pated from the wall damage/functionalization.  It was surprising to 
us that the final high-T anneal at 1000 °C (~20 hrs) almost com-
pletely restores the Raman spectrum (Fig 2d) to that of the as-
prepared (starting) material: The D-band is significantly reduced in 
intensity; the tangential bands have narrowed considerably; and the 
radial band regathers strength.  The restoration of structural order 
to the SWNT is remarkable.  Apparently, SWNTs can heal at 
significantly lower temperatures than needed for graphitization (T 
> 2000 °C).  However, a careful line-shape analysis of the Raman 
bands after the vacuum anneal reveals that a residual line broaden-
ing associated with remnant disorder in the SWNT wall does in-
deed exist.  A pervasive reminant disorder could enhance the bind-
ing energy of H2 as discussed below. 

The post-synthesis processing for each sample is summa-
rized in Table 1, together with the at% metal residue and specific 
surface area (SSA) (m2/g).  The vacuum heat-treatment and the 
SSA measurements were made in situ in the TGA just prior to H2 
loading.  The SSA values (250-470 m2/g) are quite low compared 
to the maximum geometric surface area of a large bundle of open 
SWNTs ~1350 m2/g.  Furthermore, we find that the SSA does not 
correlate 

Table 1. Sample history and hydrogen storage at 77 K and 1 atmos-
phere. 

Sample I Sample History SSA4 (m2 Vac. Ann  
T(°C)/time (h

Metal 
%)5 

A 
B 
C 

SWNTs 
SO1, HCl2 

SO1, HNO33 

270 
470 
250 

250/12 
1000/20 
1000/20 

6  
1.5 
<0.2 

1 (SO) Selective Oxidation at 350 °C for 30-45 min in flowing air (100 
CCM). 
2 Reflux in 4M HCl at 120 °C for 6 hr. 
3 Reflux in 2.6 M HNO3 at 130 °C for 30 hr. 
4 Specific Surface Area (BET) [15]. 
5 Determined by Temp. Prog. Oxid. (TPO). 

 
with wt% H2 storage.  Although the theoretical SSA associated 
with the internal pore surface of a  ~1.4 nm diameter SWNT is  
~1350 m2/g, no one has yet reported values exceeding~400 m2/g 
for SWNT materials.  This indicates that the N2 molecule is too 
large to gain access to many of these internal pores in a real mate-

rial, we conclude that the gateways must be smaller that the kinetic 
diameter of N2 ~ 0.36 nm [15]. As pointed out previously [14], this 
restricted gateway may be associated with the presence of carbox-
ylic acid and other functional groups attached to carbon atoms 
present around holes in the tube walls or at open tube ends. The 
real gateways to the internal pore of the SWNT are, in many cases, 
apparently small enough to block entry of N2, but not H2. 
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Fig. 3.  Hydrogen isotherms  (T=77 K) showing progressively better 
wt% H2 storage with nanotube processing.  From bottom to top, 
(a)the isotherms were taken on as-received material,  (b). after selec-
tive oxidation/mild HCl reflux, followed by a heat treatment at 1000 
C in vacuum (10-7 torr) for 20 hrs and  (c) after selective oxida-
tion/mild HNO3  reflux, followed by a heat treatment at 1000 C in 
vacuum (10-7 torr) for 20 hrs.  

  
In Fig. 3, we show low temperature isotherms for three 

samples labeled A, B and C (detail sample description in Table 1).  
The most remarkable feature of the H2 storage isotherms of Fig. 3 
is the very low H2 overpressure required for significant storage in 
the processed SWNT material.   Furthermore, the open symbols in 
the figure refer to adsorption, and the closed to desorption data.  As 
can be seen in the figure, the adsorption/desorption data are com-
pletely retraceable. This rules out the adsorption at 77 K of gases 
such as H2O and O2.  We can compare our data for the HNO3 
treated material to that of Ye et al [8] who reported a maximum of 
~ 8 wt% storage at T=77 and ~100 atm.  Their H2 over-pressures 
are a factor of 20 - 40 higher than required in our material to 
achieve similar storage.  This remarkable change in the pressure 
scale suggests to us that the disorder we have created in the indi-
vidual SWNT and bundling thereof may play an important role in 
enhancing the binding energy for H2 adsorption. 

Figure 4. compares the T=77 K isotherms for hydrogen 
and deuterium (D2) on the same sample.  Data were first collected 
with H2.  Next the sample was degassed in vacuum at 250 °C for 
12 hr and cooled to 77 K to collect the D2 isotherm.  The wt% stor-
age for D2 confirms the high storage observed for H2 at low pres-
sure in the same sample.  It also reveals the effect of the quantum 
mechanical zero point motion on the storage.  That is, since the 
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observed wt% (D2) is more than twice the wt% (H2), the storage is 
larger than the simple enhancement stemming from the larger iso-
topic mass of D2.  The enhancement in the surface binding energy 
of deuterium over hydrogen is approximately 1/2 the mean kinetic 
energy of vibration (<KE>) of the molecule in the pore.  <KE> 
depends on the nature of the confinement of the molecule in the 
pore (e.g., interstitial channels in the bundle, internal pore of an 
individual nanotube), and thus the size of the isotope effect can 
give indirect information on pore volume and shape. 

 

CONCLUSIONS 

These results suggest an intimate connection between 
structural metastability and enhanced adsorption.  A substrate near 
its global structural ground state has found a very efficient means 
to self-bind. If some component of the substrate-substrate interac-
tions mimics the substrate-adsorbate interaction (e.g. graphene 
sheets bind to each other with an interaction mechanism not far 
removed from that of substrate-adsorbate physisorption), then a 
nearly-equilibrium self-bound structure will not be optimized for 
highest adsorption.  Instead, a larger adsorption energy may occur 
in structures wherein the carbon substrate is unable to fully accrue 
the energetic advantages of self-binding.  Our calculations suggest 
that the aggressive HNO3 treatment pushes the material far from 
structural equilibrium by creating large holes in the tube walls. 
Partial healing during the subsequent anneal then spreads this dis-
equilibrium more evenly throughout the structure and could yield a 
substrate with enhanced physisorption at low pressure, if the 
roughening is sufficiently pervasive. 
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Figure 4. H2 and D2 adsorption isotherms on purified 
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The end result of the aggressive HNO3 treatment is a 
heavily damaged tube covered with holes of various sizes.  This 
defective structure is far from equilibrium; the system can gain 
stability by partial healing the holes during the post-treatment an-
neal.  The resulting tubes have irregular shapes and roughened 
surfaces.  Atom transport during the healing must, of geometric 
necessity, produce pentagonal and heptagonal carbon rings.  Pen-
tagonal rings are particularly favored, as they most efficiently cap 
bonds on edge atoms bordering the holes. Such irregularities might 
open the small interstitial channels of pristine bundles into wider 
interstitial galleries, if the surface energy at the inter-tube contact 
does not dominate atomic rearrangement during annealing.  
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Introduction 

The reaction of O2 with carbonaceous surfaces has been 
widely studied due to its important application in industry.  In 
general, O2 is first chemisorbed on an electron-rich site of the carbon 
basal plane of  graphite and then, it dissociates into oxygen atoms.1,2  
Oxygen will diffuse on the surface until finds a structural defect to 
form covalent bonds.  If temperature is appropriated, CO can be 
released to the gas phase.  In char and open nanotubes structures, 
unsaturated carbon atoms at the edge of the carbon surface can form 
covalent bonds with oxygen.  These sites can chemisorb directly 
molecular oxygen to form stable carbon-oxygen complexes with a 
high exothermicity.3  Several ab initio molecular studies have been 
performed on the O2-carbon reaction.  For instance, Kyotani et al4 
studied the reaction of O2 to the edge of a zigzag carbon structure at 
the DFT//HF level and found that the O2 side-on adsorption mode is 
the most exothermic adsorption configuration.  The same result was 
obtained by zhu et al5 in the reaction of O2 with single wall carbon 
nanotubes at the DFT level of theory and several carbon-oxygen 
complexes were found.  Although studies on the O2-carbon system 
abound, the reaction of O2 with nitrogen containing carbonaceous 
surfaces is less known.  The importance of nitrogen oxides in global 
warming and in stratospheric ozone depletion has motivated the 
study of NO and N2O evolution in the combustion and gasification.  
Therefore, our objective is to carry out oxygen adsorption on 
nitrogen containing carbonacesous surfaces.  As a case study, we 
compare the thermodynamics of this reaction with the O2-carbon 
reaction.  As a tool we employed electronic structure calculations to 
get insight into the nature of nitrogen-oxygen complexes.    

  
Computational Details  

We analyzed oxygen adsorptions to the edge of a carbon 
and a pyridine-type structure.  The in-plane O2 side-on approach was 
used to characterize the nature of carbon and nitrogen-oxygen 
complexes.  Proposed carbon structures have several unsaturated 
carbon atoms at the edge of a graphene sheet to simulate 
chemisorption sites.  A seven-six member ring structure in zigzag 
was used in both cases.  Reactants, intermediates and products of 
reaction were fully optimized at the B3LYP density functional6 using 
the 6-31G(d) basis set.  Electronic calculations were done using the 
Gaussian 98 program.7 

 
Results and Discussion 

Formation of Surface Oxygen Complexes.  Initially, we 
studied the O2-carbon reaction.  Adsorptions on the carbon structure 
were carried out on the ground state.  After approaching the O2 
molecule to the edge of the carbon model, two stable carbon-oxygen 
complexes were identified.  First, the O2 is adsorbed on two adjacent 
top sites forming a five member ring with an exothermicity of -112 
kcal/mol, Figure 1a.  Selected optimized geometrical parameters and 
Mulliken charges on selected atoms are shown in the same figure.  
As can be seen, a charge transfer from the carbon structure to the 
adsorbed gas molecule occurs.  Therefore, due to the excess of 
Mulliken charge on the O2, the O-O bond is activated and can be 
expanded from 1.50 to 2.25 Å to form two adjacent semiquinone 

groups with an exothermicity of -49 kcal/mol, Figure 1b.  This is the 
most stable carbon-oxygen group identified.  The total O2 adsorption 
process was found to be -161 kcal/mol exothermic.  We  found an 
energy barrier of 1.4 kcal/mol to open the five member ring and form 
the two semiquinone groups.  Notice that the energy barrier is very 
low and the second intermediate is the most stable.  Hence, 
concentration of the five member ring structure should be low 
compared with the semiquinone structure at high temperatures.   

For adsorption of O2 on the pyridine-type structure, 
calculations were also conducted on the ground state.  Oxygen 
adsorption was carried out over a nitrogen atom located at the edge 
of the carbon model and three stable nitrogen-oxygen groups were 
identified.  First, after approaching the O2 molecule, an stable 
structure is found where the N-O distance is longer than the C-O 
bond distance as depicted in Figure 1c.  The adsorption is -46 
kcal/mol exothermic.  Then, if the N-O distance is further decreased, 
a stronger bond is obtained forming a five member ring with and 
endothermicity of 24 kcal/mol, Figure 1d.  We found an energy 
barrier of 25 kcal/mol for this process.  Though the energy barrier is 
large, the total adsorption process is –22 kcal/mol exothermic.  Next, 
the five member is activated by a charge transfer and the O-O bond 
can be expanded from 1.512 to 2.630 Å to form a semiquinone and a 
pyridine-N-oxide group with an exothermicity of -73 kcal/mol, 
Figure 1e.  This is the most stable nitrogen-oxygen group identified.  
We found an energy barrier of 2.9 kcal/mol to open the five member 
ring.  The total O2 adsorption process was found to be -95.6 kcal/mol 
exothermic.  Then, pyridine-N-oxide complex can be a plausible NO 
precursor because of the small energy barrier and high exothermicity.   
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Figure 1.  Adsorption of O2 to the edge of a carbon and a pyridine-
type structure. Structures (a) and (b) are intermediates on the O2-
carbon reaction. Structures (c) to (e) are intermediates on the O2 
pyridine-type reaction.  Numbers are selected optimized bond lengths 
in Å. Numbers in parenthesis are Mulliken atomic charges in units of 
electrons. 

 
 
NO and CO  Desorption.  Because of the unpaired electrons located 
at unsaturated carbon atoms representing the active sites, the 
molecular system has several low lying electronic states.  As 
molecules desorb from the carbon surface, these electronic states can 
cross.8  Careful examinations of such crossing allow us to correctly 
determine the potential energy profile.  In a previous study we 
analyzed the desorption mechanism and kinetics of NO from a 
“clean” carbon structure and in fact electronic crossing occurs as NO 
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desorb.9  The word “clean” is in the sense that no other oxygen 
groups different than those involved in the desorption process were 
present.  Here, we studied the desorption of CO and NO in the 
presence of other oxygen groups making emphasis on the electronic 
states of the reactant molecules.  Desorption is modeled from the 
most stable O2 complexes obtained in the preceding section, namely 
the semiquinone and the pyridine-N-oxide structures, Figure 1b and 
1e.  The carbon and nitrogen atoms of the CO and NO groups, 
respectively, were pulled along the z axis and the remaining degrees 
of freedom of the carbonaceous surfaces are optimized, details of the 
procedure can be found elsewhere.8  It was found in both desorbing 
structures that the carbon surface is relaxed to let CO and NO break 
away and then closes up to form a five-member ring as seen in Figure 
2a-b.   

 
 Table 1.  Calculated Electronic Energy Difference for Reactants 

and Activated Complexes. *   
oxygen complex  Reactant Activated complex 
    
Semiquinone Ground state Doublet Quartet 
 ∆E(GS-

CES) 
5 18 

    
Pyridine-N-oxide Ground state Singlet Triplet 
 ∆E(GS-

CES) 
0.02 21 

* ∆E(GS-CES): Energy  (kcal/mol) difference between the ground state and 
the closest electronic state 

I II 

a)  Desorption of CO from the semiquinone structure 
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b) Desorption of NO from the pyridine-N-oxide structure 
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From the data in Table 1 it is seen that the spin multiplicity has an 
important effect on the desorption energy barrier.  The difference can 
be as greater as 20 kcal/mol or higher.  Electronic crossing not only 
is limited to clean carbon surfaces, it is also observed in the presence 
of other oxygen groups on the carbon surface and careful analysis 
should be done when considering the desorption patterns to obtain 
first principle kinetics data.  Detailed analysis of the activation 
energies will be further discussed. 
 
Conclusion 

Using density functional theories, the nature and the 
dynamic transformation of different carbon and nitrogen-oxygen 
complexes were analyzed.  pyridine-N-oxide structure seems to be a 
plausible NO precursor during combustion of carbonaceous 
materials.   
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Introduction 

Polytetrafluoroethylene(PTFE), a polymer having a polyethylene 
structure where all the hydrogen atoms are substituted by fluorine, is 
known to be changed to so-called carbyne-type carbon by its 
chemical defluorination1,2.  This carbyne structure consists of one-
dimensional molecular chains of carbon with sp-hybrid orbital, and it 
is also known to be unstable structure.  For example, the carbyne 
structure obtained from PTFE defluorinated by potassium metal was 
reported to be easily converted to stable sp2 carbon in air3. 

One of recent interesting attempts for carbyne is to utilize it as a 
raw material for new functional carbon materials because it is 
supposed that the carbyne structure is too unstable and easily 
transformed to other structures and forms of carbon.  For example, 
carbon nanotubes, which are one of carbon materials most attracting 
attention recently, were reported to be synthesized via the carbyne 
structure from PTFE4. 

Porous carbon materials are also known to be synthesized from 
PTFE via a carbyne structure5-8.  In this case, a carbyne-like structure 
is formed and cross-linked around fluoride by-product during 
defluorination of PTFE, and the fluoride particles are removed by 
acid treatment to leave spaces as pores in the carbon matrix.  
Defluorination of PTFE is carried out by using various reducing 
agents, such as lithium amalgam5,6, lithium metal7, lithium 
naphthalenide7, or potassium metal8.  The produced porous carbons 
had both micro- and mesopores with a large surface area, but the 
porous structure of resultant carbons were often different from each 
other.  We have synthesized porous carbons from PTFE using 
potassium metal vapor for defluorination and reported their porous 
structures previously8. 

In this paper, various alkali metals were used for defluorination 
of PTFE and the effect on the porous structure of resulting carbons 
was investigated. 
 
Experimental 

Commercially available PTFE powder (MP1500J: DuPont-Mitsui 
Fluorochemical Co.Ltd.) with a polymerization degree of ca.106, 
average diameter of 20µm and the specific surface area of 8-12m2/g 
was used as a raw material.  Excess amount of lithium, sodium, 
potassium or rubidium metal and PTFE of 0.6 - 1g were sealed 
together in a glass tube under vacuum, and then heated at 473K in an 
oven for several days.   

In this process, lithium and sodium metal were directly contacted 
with PTFE powder but potassium and rubidium needed to be 
separated from PTFE to react as the vapor because the latter metals 
were more reactive than the former ones and it was dangerous that 
molten potassium or rubidium strongly reacted with PTFE to ignite 
easily.  Lithium and sodium, on the other hand, contacted with PTFE 
without ignition in this temperature range of defluorination.  The 
black color products were taken out from the tube slowly and 
exposed to air for a while, and then washed by water and immersed 
in 0.1M HCl aqueous solution for two days to remove alkali metal 

fluorides.  After the product had been dried thoroughly at 383K in 
vacuum, nitrogen adsorption/desorption isotherms were measured at 
77K.  Transmission Electron Microscopic (TEM) bright field images 
were also observed for the same products with an acceleration 
voltage of 200kV.   
 
Results and Discussion 

Pore Characterization by N2 Adsorption. Nitrogen 
adsorption/desorption isotherms of the products from PTFE 
defluorinated by sodium(Na-PTFE), potassium(K-PTFE) and 
rubidium(Rb-PTFE) are shown in Figure 1, and their BET surface 
areas calculated using the isotherms in Figure 1 are summarized in 
Table 1.   Lithium  metal  did  not react with PTFE at  473K  and  
 

 

 
 
Figure 1. Nitrogen adsorption(closed marks) and desorption (opened 
marks) isotherms of Na-, K- and Rb-PTFE carbons measured at 77K.  
 

Table 1.  BET Specific Surface Areas of Resultant  Porous 
Carbons Using Various Alkali Metals. 

Sample BET specific surface 
area (m2/g) 

Na-PTFE 2225 

K-PTFE 784 

Rb-PTFE 898 
 

 
the defluorination by lithium was impossible. Since all three 
isotherms in Figure 1 belong to type IV in the IUPAC classification, 
mesoporous carbons9 were found to be synthesized in all cases. 

On the other hand, micropores also developed in the carbons 
because of a large amount of nitrogen adsorbed at very low relative 
pressure.  When sodium metal was used for defluorination of PTFE, 
a remarkable isotherm curve was obtained, having a characteristic 
steep slope line in the relative pressure range 0.1 – 0.4 and a large 
BET surface area, in contrast to the other two.  When potassium 
metal was used instead, a quite similar isotherm and BET surface 
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area which we have already reported8 were obtained.  The reaction 
with rubidium showed a similar isotherm to that of potassium and the 
BET surface area slightly increased but it is not much different from 
potassium compared with sodium.  Pore size distribution curves of 
the three porous carbons defluorinated by Na, K, and Rb calculated 
from the adsorption branches of each isotherm in Figure 1 by 
Dollimore-Heal method10,11, are shown in Figure 2.  The curve of 
Na-PTFE has a clear large peak of pore size in 2-3nm which is 
mesopore range quite near to micropore, while those of K- and Rb-
PTFE have no large peak in the mesopore range.  These results show 
that all three carbons, Na-, K- and Rb-PTFE have micropores and 
mesopores, but only Na-PTFE has a large amount of additional 
mesopores with a diameter of 2-3nm which makes it comparable with 
other mesoporous materials, such as mesoporous silica, and some of 
them have been often given similar N2 adsorption results to Na-
PTFE12,13. 
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Figure 2. Pore size distribution curves of Na, K- and Rb-PTFE 
carbons calculated from the adsorption branches in Figure 1 by 
Dollimore-Heal method. 
 

TEM Observation.  TEM images of Na- and K-PTFE carbons 
show particles like “foam” containing many circular pore images 
with diameters of less than 10nm.  Since these pores are imaged like 
round pore entrances, these carbons from PTFE seem to have a three-
dimensional network of spherical mesopores, which are the spaces 
left after fluoride particles were removed.  However, there was a 
tendency that the size of the pores was smaller and the walls of pores 
were thinner for Na-PTFE than for K-PTFE.  Since the walls of the 
pores were carbon made from PTFE via carbyne, it is supposed that 
sodium fluoride particles formed during defluorination of PTFE were 
dispersed better in PTFE than potassium fluoride.  Such small 
particles of sodium fluoride well dispersed in the carbon matrix seem 
to cause the formation of large amounts of pores with a diameter of 
2-3nm and thinner pore walls which develop the porosity of Na-
PTFE with a large surface area.   

 
Conclusions 

The pore structure of carbons obtained from PTFE via a carbyne 
structure was found to be strongly governed by alkali metal species 
used for defluorination of PTFE. This seems to be caused by the 
dispersion state of alkali metal fluoride particles in PTFE during 
defluorination due to the different reactivity of each alkali metals 
with PTFE.  Using sodium, which is less reactive with PTFE than 
potassium and rubidium, resulted in the formation of well developed 
mesopores with the size range of 2-3 nm, which is near to micropores.  
These characteristic porous carbons using alkali metals for 
defluorination of PTFE, particularly using sodium, are expected to 

excel in some applications which need mesopores, such as electric 
double layer capacitance. 
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Introduction 

The gasification of carbonaceous materials is an extremely 
important process in many applications.  As such, there have been 
many efforts to computationally model the gasification over the past 
four or five decades.  The simplest models assume that the oxidation 
of the carbon atoms occur on the surface of shrinking solid particles.  
More complex models take into account reaction on the walls of 
pores and the growth and evolution of the surface pore structure.  
More sophisticated still are the models reflecting the observed 
structure of coal chars—small graphitic layers irregularly stacked 
into crystallites.  Good summaries of the existent models are given in 
Bhatia and Gupta1 and Bhatia2. 

The emergence of models, which involve the microscopic 
details of the coal char, has raised the importance of understanding 
the microscopic gasification processes.  While developments such as 
Yang's unified mechanism for carbon gasification reactions3 offer 
insight into the microscopic processes at work during gasification, 
the opportunity to more directly investigate the properties of the 
microscopic processes and calculate dynamic quantities such as rate 
constants is offered by molecular orbital theory. 

Advanced molecular orbital theory has been used by several 
authors to investigate these reactions since the pioneering 1998 work 
of Chen and Yang4,5 which seems to have fixed a standard 
methodology for the investigation of these reactions.  Montoya et al.6 
made the important contribution that overcoming spin contamination 
is vital in obtaining accurate energies for graphenes, and that the 
B3LYP formulation does not suffer from excessive spin 
contamination. 

Despite this attention, little progress has been made in 
elucidating reaction paths with sufficient detail to directly calculate 
rates of the various microscopic processes in order to compliment or 
validate gasification modelling.  This study presents progress toward 
that goal. 
 
Methodology

The main gasification reaction of interest in this work is the 
extraction of a carbon monoxide fragment from an initial state of a 
graphene with an oxygen atom chemisorbed onto a carbon atom in an 
exposed "zig-zag" edge site.  The enthalpy change for the reaction is 
easily calculated from the energies (corrected for thermal effects) of 
the optimized initial state (graphene with chemisorbed oxygen) and 
the product state (graphene with CO removed plus the CO fragment).  
The B3LYP hybrid method was used as a compromise between 
accuracy and tractability.  Calculations have been performed using 
the 3-21G, 3-21+G(d) and 6-31G(d) basis sets. 

Essential for the application of transition state theory is the 
identification of the transition state (TS) for a reaction.  For many 
reactions occurring over a reaction barrier the TS is the geometry 
corresponding to the highest energy along the minimum energy 
pathway (MEP), and this serves as a useful first approximation.  
Hence a major focus of this work is in identifying these saddle point 
TSs. 

A useful way of searching out a MEP with molecular orbital 
theory calculations without explicitly integrating energy gradients 
involves first identifying a parameter of the geometry specification 

likely to be a reasonable reaction coordinate for the reaction of 
interest.  This coordinate can then be frozen at successively longer 
values (or shorter values for association reactions) and the remaining 
coordinates optimized.  This manual stepping of the likely reaction 
coordinate allows the MEP to be followed at an arbitrary level of 
detail and can easily find unexpected changes in the MEP, 
particularly if symmetry constraints are relaxed. 
 
Results

The main graphene used in this work has been a C19H8 molecule 
similar to that used in previous investigations.  The carbon structure 
is arranged into five aromatic rings, as shown in figure 1.  One side 
of the carbon structure is left exposed to simulate the reactive edge 
sites during gasification while the other edges are capped with 
hydrogen atoms in order to minimize truncation effects.  In all the 
calculations reported here spin contamination was acceptably low, 
with the calculated 〈S2〉 differing from the exact S(S+1) value by 
around 0.01%. 
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Figure 1.  Model C19H8 graphene with oxygen atom chemisorbed 
onto the central bare zig-zag site 
 

The ground state of the reactant state (after adding an oxygen 
atom to the central bare carbon site to make C19H8O) is the triplet 
state.  However the potential minimum for the reactant in the singlet 
state is almost degenerate with the triplet, being calculated to be 0.18 
kJ/mol higher in energy with the 3-21G and 3-21+G(d) basis sets and 
0.076 kJ/mol higher in energy with the 6-31G(d) basis set.  As has 
been pointed out by others7 this near degeneracy implies that both the 
singlet and triplet states need to be investigated as the singlet state 
will be significantly populated. 

Straight gasification.  The gasification reaction is assumed to 
take the CO fragment and pull it directly out of the graphene.  A 
rather substantial complication of following this reaction path is that 
when all symmetry constraints are removed the actual MEP brings 
the CO fragment out of the plane of the remaining graphene to a 
position above the center of the remaining five atoms from the 
broken C6 ring.  The extent of the movement out of the plane is 
clearly an artifact of the single plane model being used as 
neighboring carbon planes in a real graphene would either prevent 
such motion or recapture the CO fragment.  To counter this the 
geometry has been artificially restricted to C2v or Cs symmetry, 
maintaining the CO fragment in the plane of the graphene.  To follow 
the restricted MEP the reaction coordinate used was one of the 
Cartesian coordinates of the extracted carbon atom after aligning the 
graphene with the Cartesian axes: this single carbon atom coordinate 
is in effect the perpendicular distance between the extracted carbon 
atom and the remaining exposed edge.  All other coordinates, 
including the position of the CO fragment relative to the broken C6 
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ring, were allowed to relax.  It was possible to freeze selected other 
coordinates to allow grid scanning of the potential. 

For the triplet state, the MEP does not maintain the C2v 
symmetry that other studies have suggested.  C2v symmetry is 
maintained as the CO fragment is moved the first 0.7 Å from its 
potential minimum position.  Between 0.7 Å and 0.8 Å the potential 
well the CO fragment was following flattens and the fragment spills 
into an adjacent well.  Following the adjacent, Cs symmetry well 
downhill leads back into the C2v symmetry well.  Extracting the CO 
fragment in a similar way on the singlet surface maintains C2v 
symmetry throughout. 

The singlet and triplet TSs are significantly different.  While the 
triplet TS of Cs symmetry presents an energy barrier to reaction of 
around 500 kJ/mol, the singlet C2v TS occurs at much lower energies, 
around 380 kJ/mol above the reactant state. 

There are significant basis set effects on the calculated potential 
energy surfaces for both the singlet and triplet states.  In the region of 
the triplet TS the three basis sets used produced significantly 
different energies, with the inclusion of diffuse functions in the 3-
21+G(d) basis (generally required to accurately model such long-
range, bond breaking processes) apparently responsible for the 
increase of the energy in the region of the TS by around 30 kJ/mol.  
In the singlet case the position of the TS (as measured by the distance 
of the extracted carbon atom from its reactant state position) changes 
from 1.10 Å for the 3-21G basis to 0.81 Å for the 6-31G(d) basis. 

Multi-step mechanisms.  While the direct gasification path is 
the most obvious, even in the small five-ring model being used here 
other paths exist.  Fixing and stepping the Cartesian coordinate that 
moves the CO fragment across the exposed edge in a similar way to 
the direct extraction coordinate reveals that on the triplet surface, 
motion across the face quickly requires in excess of 500 kJ/mol of 
energy.  However on the singlet surface such motion offers a viable 
alternate reaction path—possibly even a preferred path.  Breaking 
one carbon-carbon bond and migrating the CO fragment to a 
carbonyl structure attached to an adjacent zig-zag site passes through 
a TS significantly lower in energy than the direct gasification barrier, 
being around 280 kJ/mol above the potential minimum.  The 
migrated carbonyl structure is a stable species 90 kJ/mol above the 
potential minimum.  Chen and Yang5 suggest that carbonyl should be 
significantly easier to gasify than the direct extraction, meaning that 
this may be an energetically preferred path. 
 
Conclusion 

This work supports the notion7 that while the ground state of the 
C19H8O model molecule is technically a triplet, the very small energy 
gap to the singlet state and the availability of significantly lower 
energy reaction pathways on the singlet surface suggests that it is the 
singlet state that will be react.  The near degeneracy of the singlet 
and triplet states will introduce a factor of two modification into the 
rate constants eventually calculated for the reaction on the singlet 
surface. 

Basis set effects are very strong in the reasonably small basis 
sets used here.  Adding diffuse functions seem to have a strong effect 
on the energy in the region of the TS.  The position of the highest 
energy point along the calculated singlet MEP is changed by 30% 
with the move from the 3-21G basis to the 6-31G(d) basis. 

The migration of the CO fragment onto adjacent edge sites has 
been examined here for the first time and is likely to compete 
effectively with direct gasification.  While dynamical considerations 
will likely decide which process ultimately facilitates gasification, 
the existence of paths such as these need to be investigated further.  
Inter-plane interactions are likely to be important.  The out-of-plane 
nature of the true TS for the single plane model examined here means 
that multi-plane models must be investigated to successfully model 

bulk char edge reactions.  Progress towards multi-plane models 
continues. 
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Trends in Activated Carbon Products Past, 
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Introduction 
 Activated carbon has been utilized for purification of 
drinking water, wastewater, and various chemical products for 
many years.  The end user of activated carbon products has become 
so familiar with the material, that activated carbon in general is 
being handled as a commodity product.  For applications such as 
wastewater treatment and other bulk removal applications, the 
treatment of activated carbon as a commodity product is 
acceptable, however, applications such as methyl tertiary butyl 
ether  (MTBE) adsorption from groundwater, and various catalytic 
processes have shown the need for more specialty carbons not 
supplied by all activated carbon vendors. 

Figure 1.  Correlation between iodine number and MTBE 
adsorption capacity 
 
By fully characterizing an activated carbon via TACTIC and 
applying Polanyi adsorption theory3,4, a new test method was 
developed to better predict the adsorption capacity of various 
activated carbons for applications such as MTBE and THMs.  The 
new test method, the Trace Capacity Number, more accurately 
predicts the adsorption capacity of MTBE, Figure 2.  The commoditization of activated carbon has lead to the 

creation of many activated carbon “brokers” that supply a few 
types of activated carbon, provide very little to no technical 
support, and for the most part do not understand activated carbon or 
adsorption. 
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 The more technically advanced activated carbon 
suppliers can and will provide the best product for the application 
technically and economically, and will also provide various 
technical resources such as adsorption modeling as well as the 
“non-standard” carbon products.  MTBE remediation and hydrogen 
sulfide oxidation are two examples of applications were the more 
technically advanced carbon suppliers would offer the end user a 
more technically sound, cost effective option. 
 
Experimental 
 Carbon Samples.  The activated carbon samples used in 
these studies were commercially produced materials supplied by 
various carbon manufacturers and brokers.  The activated carbon 
samples were tested on an as received basis, other than reduction of 
particle size, to accurately simulate full-scale usage. 

Figure 2.  Correlation between Trace Capacity Number and MTBE 
adsorption capacity 
 

The use of activated carbon for oxidation of hydrogen 
sulfide is another example of an application where advances have 
been made by the more technically advanced carbon suppliers.  The 
standard ASTM test method for characterizing activated carbon for 
hydrogen sulfide capacity is conducted at 10,000 ppmV, well above 
any “real world” application.  The standard activated carbons for 
this application have been materials impregnated with sodium or 
potassium hydroxide, or potassium iodide.  These materials, 
although effective for hydrogen sulfide removal have several 
drawbacks, namely lower ignition temperature, reduced adsorption 
capacity for organic compounds, and the inability to safely 
regenerate or reactivate. 

 Carbon Characterization.  The activated carbon 
samples were characterized using standard activated carbon test 
methods as described by ASTM.  Non-standard tests such as the 
Trace Capacity Number (TCN), Accelerated Column Test (ACT), 
and TACTIC1,2 were developed in-house by Calgon Carbon 
Corporation.  
 
Results and Discussion 
 The removal of MTBE from groundwater has generated 
some debate in the activated carbon community specifically 
between carbon manufacturers and carbon brokers.  Activated 
carbon produced from coconut shell has long been believed to be a 
superior product for removal of low molecular weight, water-
soluble compounds such as MTBE and trihalomethanes (THMs).  
Unfortunately, no standard activated carbon test method can be 
utilized to determine the best activated carbon for these 
applications.  As shown in Figure 1, iodine number shows a very 
poor correlation with MTBE adsorption capacity. 

The Calgon Carbon Corporation Centaur HSV product 
offers all the advantages of the impregnated activated carbons, 
without the disadvantages.  Recent studies have shown the ASTM 
test method has failed to account for a shift in reaction chemistry 
with hydrogen sulfide concentration.  This has lead to unrealistic 
adsorption capacities as well as reactions that do not occur in the 
“real world”.  The data in Figure 3 show the effect of the oxygen to 
hydrogen sulfide mole ratio on the formation of elemental sulfur as 
a reaction product. 

Fuel Chemistry Division Preprints 20 02, 47(2), 462 



3. Manes, Milton, “The Polanyi Adsorption Potential Theory and 
Its Application to Adsorption from Water Solution onto 
Activated Carbon,” Activated Carbon Adsorption of Organics 
from the Aqueous Phase, Volume 1, I.H Suffet and M. J. 
McGuire, Ann Arbor Science, 1981. pp 43-64. 

 

Effect of the Oxygen to Hydrogen Sulfide Mole Ratio 
on the Production of Elemental Sulfur

3.21

7.37 7.31

17.2

0

5

10

15

20

Oxygen to Hydrogen Sulfide Mole Ratio

El
em

en
ta

l S
ul

fu
r 

Lo
ad

in
g 

(m
g/

g) 2100
1050
525
250

 

4. Wohleber, David A., PhD Thesis from Kent State University, 
“Application of Polanyi Theory to the Adsorption of Organic 
Liquids from Water onto Activated Carbon,” March 1970. 

Figure 3.  Effect of oxygen to hydrogen sulfide mole ratio on the 
formation of elemental sulfur 
 

Both elemental sulfur and sulfuric acid are reaction 
products of the oxidation of hydrogen sulfide.  The formation of 
sulfuric acid, which is water soluble, allows the activated carbon to 
be regenerated in situ with a simple water washing.  The Centaur 
HSV product can be water regenerated many times, unlike the 
impregnated products, which must be disposed of in a landfill.  The 
data in Figure 4 show the hydrogen sulfide capacity of Centaur 
HSV, IVP (sodium hydroxide impregnated), and Norit ROZ3 
(potassium iodide impregnated) over various cycles. 
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Figure 4. Hydrogen sulfide capacity after regeneration 
 

The data show the effectiveness of the water regeneration 
for the Centaur HSV product, whereas the impregnated carbons 
would have been removed and replaced after the virgin cycle.  
Combining the regeneration with the higher ignition temperature 
and increase capacity for organic compounds, the Centaur HSV 
product is a more technically sound, cost effective option. 
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Introduction 
Knowledge of the chemical details of edge termination of a 

graphene sheet continues to be important in all applications of carbon 
materials (e.g., gasification reactivity, substituent effects in liquid-
phase adsorption of aromatic compounds, and perhaps even enhanced 
gas adsorption potentials).  The most recent evidence for this 
insufficiently recognized fact is the dramatic effect of “simple 
annealing of SWNT-based p-FETs in a vacuum” (1) on the behavior 
of carbon nanotubes as inter- and intramolecular logic gates. Perhaps 
surprisingly, this subject has been discussed in the literature only 
sporadically, most notably by C. A. Coulson and S. E. Stein. Today, 
when molecular-scale manipulation of the electronic properties of 
carbons is attracting much scientific attention and even becoming 
commercially viable, it is very important to be as specific as possible 
about the surface chemistry of edge carbon atoms. The common 
assumptions, that either all edge sites are saturated with heteroatoms 
or that the free edge sites are conventional (and thus very reactive) 
free radicals (2), do not appear to be justified (3). Modern quantum 
chemistry is increasingly providing the tools to confirm this. In this 
presentation we scrutinize the (relatively scant) literature and discuss 
our recent Gaussian98 (4) results to argue in favor of the following 
edge structures: ortho-benzyne at the armchair sites and carbene or 
m-benzyne at the zigzag sites. Unfortunately, we cannot be more 
specific in the case of zigzag sites. There is a very rich benzyne and 
carbene literature today, mostly theoretical but also experimental, so 
organic chemists will hopefully be comfortable with this proposal; 
and yet, many carbon scientists may be at least surprised. 

The distribution of electron density at these sites is important 
because it can lead to quantitative indices of carbon atom (re)activity, 
and the litmus test here is to account for the reactivity differences 
between zigzag and armchair sites.  
 
Overview of Theoretical Results 

The distinction between armchair and zigzag sites is of both 
fundamental and practical importance; the ultimate goal is to be able 
to explain the experimental finding (5) that the latter are usually 
more reactive than the former. 

The existence of unpaired σ electrons on armchair sites raises 
the possibility of the formation of a triple bond. Such a structure has 
indeed been proposed by Coulson (6), but it has been largely ignored 
in recent modeling studies of carbon electronic structure and 
reactivity. The fate of the unpaired σ electron on the zigzag sites is 
much more controversial (see Figure 1). Here again the most useful 
literature source is Coulson (6), who proposed the existence of a 
“divalent state based on s2p2” hybridization. Use of the same model 
chemistry for the armchair sites – B3LYP/3-21G*//B3LYP/6-31G(d) 
– does not lead, however, to equally successful geometry 
optimization. Indeed, the results are very sensitive to the exact 
location of radical sites in the cluster shown below. However, the 
presence of preadsorbed oxygen does help to stabilize the zigzag 
structure, by analogy with the stability of 4-oxycyclohexa-2,5-
dienylidene. The existence of the “in-plane σ pair,” the somewhat 

vague concept dating from the pioneering works of S. Mrozowski 
and P. L. Walker, is also discussed. 

 
Implications for Carbon Reactivity 

The most fundamental definition of reactivity is 
 

R = (1/(1-X))(dX/dt) = {Site reactivity}{Number of reactive sites} 
 
where X is carbon conversion. In our previous studies (7), as a first 
approximation, we equated site reactivity with Σ(FV)i, where FV is 
the free valence index from simple Hückel molecular orbital theory. 
Subsequently, we estimated site reactivity using a Monte Carlo 
technique (8). Now, we are in a position to use a (unique?) set of 
fundamental reactivity indices, such as electron density (in the case 
of adsorption) and bond strength (in the case of desorption), to 
determine the above two reactivity parameters simultaneously; in 
such an approach, the number of reactive sites is automatically 
determined by the threshold level of site reactivity. 
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Figure 1.  Model carbene structures for zigzag carbon atoms in different-size  
graphene layers of carbon materials. 
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